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PREFACE 


Failure  by  fatigue  and  degradation  by  corrosion  continue  to  be  major 
considerations  In  aircraft  design.  Environmental  effects  are  known  to  Influ¬ 
ence  both  the  initiation  and  the  propagation  of  fatigue  cracks  whereas  dyna¬ 
mic  loading  may  cause  a  more  rapid  deterioration  of  a  corrosion  protection 
system.  Therefore  the  conjoint  action  of  dynamic  loading  and  environmental 
attack,  l.e.  corrosion  fatigue,  requires  special  attention. 

In  corrosion  fatigue  stuuies  In  the  past  years  emphasis  has  been  on 
Investigations  of  a  rather  fundamental  nature  Involving  smooth  specimens  and 
constant  amplitude  loading  In  an  aggressive  aqueous  environment.  Such  studies 
have  undoubtedly  contributed  to  the  understanding  of  the  phenomenon  but  have 
yielded  few  data  which  can  be  directly  applied  In  the  design  and  In  the 
maintenance  of  an  aircraft  structure. 

This  situation  was  pointed  out  to  the  AGARD  Structures  and  Materials 
Panel  by  Professor  Wolfgang  Bunk  then  a  Panel  Member  for  Germany.  This  had 
led  to  the  establishment  of  a  Sub-Committee  under  hts  chairmanship  In  the 
spring  of  1977.  Five  pilot  papers  were  presented  then,  four  of  these  have 
been  published  in  AGARD  Report  No.  659. 

It  was  decided  to  start  a  Corrosion  Fatigue  Cooperative  Testing  Progremme 
involving  laboratories  on  both  sides  of  the  Atlantic.  As  coordinators  were 
appointed  Dr.  J.J.  DeLuccia  (NADC-USA)  and  Dr.  R.J.H.  Wanhlll  (NLR-Netherlands) . 

In  order  to  promote  applicability  of  the  results  to  aircraft  structures 
a  boited  joint  In  aluminium  alloy  sheet  with  a  state-of-the-art  protection 
system  was  selected  as  the  common  specimen. 

Sheet  from  a  single  heat  of  bare  7075-T76  materia)  was  donated  by  the  ALCOA 
Company.  The  Vol-Shan  corporation  made  available  several  thousand  Hl-Lok 
fasteners.  The  specimens  of  the  so-called  core  programme  were  manufactured  by 
the  U.S.  Air  Force  Materials  Laboratory.  The  U.S.  Naval  Air  Development  Center 
applied  the  protection  system. 

In  order  to  make  the  results  readily  comparable,  detailed  instructions 
as  to  testing  procedures  were  developed  by  the  two  coordinators.  These 
Instructions  were  distributed  In  the  so-called  CFCTP-manual .  For  reasons  of 
simplicity  constant  amplitude  loading  was  agreed  for  the  core  programme. 

The  object  was  to  see  whether  several  laboratories  on  both  sides  of  the 
Atlantic,  working  to  a  carefully  prepared  and  mutually  agreed  set  of  rules, 
testing  specimens  from  a  single  batch,  could  produce  the  same  results,  or 
whether  there  were  hidden  sources  of  scatter. 

The  core  programme  would  be  followed  by  a  supplemental  programme  Involving 
flight  simulation  loading,  other  alloys,  other  protection  systems,  and  even 
other  specimen  designs. 

Important  aspects  of  the  programme  are  that  seme  specimens  are  precorroded 
In  aqueous  5  $  NaCl  acidified  by  sulphur  dioxide  and  fatigued  In  salt  fog. 

The  majority  of  the  participants  had  to  acquire  special  equipment  for  those 
purposes  and  have  thus  added  to  their  testing  facilities. 

At  the  Specialists  Meeting  the  results  of  the  core  programme  have  been 
presented.  They  may  serve  as  a  basis  for  the  assessment  of  the  effectiveness 
of  sharing  between  different  laboratories  an  Investigation  of  a  size  prohibit¬ 
ive  for  Its  execution  at  a  single  laboratory. 

Additional  papers  have  been  presented,  stimulating  though,  on  the  fundamentals 
of  corrosion  fatigue  on  the  one  hand  and  of  Its  combat  for  real  structures  on 
the  other  hand. 

In  the  final  session  the  scope  and  the  content  of  the  supplemental  programme 
were  discussed.  It  Is  proposed  to  give  It  the  project  t>:le: 

Aircraft  Environment  Simulation  Fatigue  Testing. 

The  results  of  the  core  progranme  are  not  Included  In  the  present  volume. 
They  will  be  published  In  an  AGARD  Report,  together  with  the  CFCTP  handbook. 

The  Conference  Proceedings  comprise  only  a  brief  presentation  on  the  scope 
of  both  the  core  and  the  supplemental  programme,  In  addition  to  the  papers 
of  a  more  geneial  nature. 

Herewith  I  would  like  to  express  my  sincere  gratitude  to  all  those  who 
have  contributed  to  the  CFCTP  and  the  Specialists  Meeting,  to  the  two  coor¬ 
dinators  in  particular  who  will  undoubtedly,  with  the  help  of  others,  carry 
on  to  bring  the  supplemental  programme  to  an  equally  successful  ending. 


H.P.  van  Leeuwen 
Chairman  of  Sub-Committee 
on  Corrosion  Fatigue 
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1 .  BACKGROUND 

Aluminium  alloy  aircraft  structures  are  susceptible  to  corrosion  and  fatigue.  Corrosion  occurs  under 
both  static  conditions  and  cyclic  loading  resulting  from  take-off,  flight  and  landing.  Thus  the  conjoint 
action  of  corrosion  and  cyclic  loading,  t.e.  corrosion  fatigue,  must  be  considered.  General  corrosion  Is 
unlikely:  attack  concentrates  at  joints,  which  provide  (I)  stress  concentrations  and  faying  surface 
contacts  that  wear  away  and  crack  the  applied  protection  systems,  (2)  crevices  for  moisture  entrapment, 

(3)  galvanic  couples  when  steel  or  titanium  fasteners  ere  used,  and  (<0  fatigue  critical  locations,  e.g. 
fastener  holes. 

Many  corrosion  fatigue  tests  have  been  done  on  aluminium  alloys.  However,  few  Included  critical 
details,  like  joints,  under  realistic  cyclic  load  histories  and  In  service  -  like  environments.  Even  fewer 
used  practical  corrosion  protection  systems.  Consequently,  In  1977  the  AGARD  Structures  and  Meterlals  Panel 
appointed  the  present  authors  as  coordinators  for  a  Corrosion  Fatigue  Cooperative  Testing  Programme 
(CFCTP).  The  programme  Included  eight  laboratories  In  Europe  and  North  America. 

This  chapter  summarises  the  objectives,  scope  and  technical  requirements  of  the  CFCTP,  Including  an 
overview  of  a  supplemental  testing  programme,  Aircraft  Environment  Simulation  Fatigue  Testing  (AESFT). 

Full  results  from  all  participants  In  the  CFCTP  and  AESFT  will  be  published  In  AGARD  documents. 

2.  THE  CFCTP 

2.1  Objectives 

The  objectives  of  the  CFCTP  were: 

(1)  To  provide  a  cooperative  testing  effort  resulting  In  better  understanding  of  corrosion  fatigue 
and  its  prevention. 

(2)  To  familiarise  participants  with  fatigue  tests  In  atmospheric  corrosion  environments. 

2.2  Scope 

The  CFCTP  Is  a  programme  of  round-robin  testing.  This  so-called  core  programme  forms  a  basis  for 
establishing  confidence  In  corrosion  fatigue  testing  before  proceeding  to  the  more  complex  conditions 
required  by  the  AESFT.  Eight  laboratories  participated  In  the  core  programme,  which  Is  outlined  In 
figure  1.  The  specimen  represents  a  fatlgue-crltlcal  aircraft  structural  Joint.  The  fatigue  loading  was 
constant  amplitude. 

The  pre-exposure  and  corrosion  fatigue  environments  were  chosen  to  be  severe  and  potentially  able  to 
simulate  service  environments  without  the  necessity  for  long  time  exposure  and  testing. 

2.3  Technical  Requirements 

The  complexity  of  Che  CFCTP  required  a  manual  In  which  all  technical  requirements  and  test  details 
were  specified.  Figure  2  summarises  the  contents:  headings  are  evident  except  the  cold  box,  which  enables 
service  simulation  of  brittle  cracking  of  paint  and  primer  layers  on  the  specimen.  Note  that  the  manual 
also  contains  the  technical  requirements  for  the  supplemental  programme  AESFT. 

IS. 

3-  THE  AESFT 

As  an  extension  of  the  CFCTP  the  supplemental  programme  AESFT  has  the  following  objectives  besides 
those  listed  in  section  2.1: 

(3)  Assessment  of  current  protection  systems  for  aircraft  structures 

(4)  To  help  develop  new  protection  systems. 

The  individual  contributions  to  the  supplemental  programme  (AESFT)  are  broadly  defined  and  testing  has 
commenced  at  several  laboratories.  An  overview  of  the  planned  supplemental  activities  Is  given  In  figure  3- 
Most  of  these  Include  the  same  specimen  type  and  test  environment  as  In  the  CFCTP,  but  with  addition  of 
realistic  f I ight-by-f 1 Ight  fatigue  loading,  FALSTAFF  and  MINITVIST. 


MATERIAL 


•  3.2  mm  1  HICK  7075-T7S  ALUMINIUM  ALLOY  SHEET 


PROTECTION  SYSTEM  • 

PROTECTION  SYSTEM  • 

DAMAGE 

FATIGUE  LOADING  • 

FATIGUE  ENVIRONMENTS  • 


CHROMATE  CONVERSION  -s  INHIBITED  EPOXY  POLYAMIDE  PRIMER 
(EXCEPT  FASTENER  HOLES)  ♦  ALIPHATIC  POLYURETHANE  TOPCOAT 

TWO  STRESS  CYCLES  AT  LOW  TEMPERATURE  TO  CRACK  PAINT  AND 
PRIMER  AROUND  THE  FASTENER  HEADS 


CONSTANT  AMPLITUDE,  Sml./Sm,.  *  0.1 
min  max 


LABORATORY  AIR;  5  °/o  AQUEOUS  NeCI  SALT  SPRAY  WITH  pH  4 


STATIC  PRE-EXPOSURE  •  72  HOURS  IN  5  °/o  AQUEOUS  NeCI  +  S02  AT  315  K 


TEST  PROGRAMME 


SCHEDULES 

NUMBER  OF  SPECIMENS 

CYCLE 

Sm.K  =  210 

Sm„.144MP. 

FREQUENCY 

FATIGUE  IN  AIR 

4 

4 

^RE-EXPOSURE 
ANO  FATIGUE  IN 
AIR 

4 

4 

2  Hi 

FATIGUE  IN  SALT 

SPRAY 

4 

4 

PRE  EXPOSURE 

AND  FATIGUE  IN 
SALT  SPRAY 

4 

4 

0.5  Hi 

Fig ,  1 
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Fig.  3  Overview  of  planned  aircraft  environment  aiaulatlon  fatigue  testing  activities 
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Mechanisms  of  Corrosion  Fatigue 
of  Alukinum  Alloys 


D.J.  Duquette 

Materials  Engineering  Department 
Rensselaer  Polytechnic  Institute 
Troy,  New  York  12181 
U.S.A. 


Abstract 


An  overview  of  experimental  variables  which  are  considered  critical  to  understanding 
the  mechanisms  of  corrosion  fatigue  of  high  strength  aluminum  alloys  is  presented.  Baaed 
on  this  overview,  an  examination  of  previously  proposed  mechanisms  is  attempted.  These 
models  include  anodic  dissolution, surface  energy  reduction, and  hydrogen  embrittlement. 

It  is  concluded  that  hydrogen  embrittlement  of  process  zones  at  alloy  surfaces  (for  crack 
initiation)  and  at  crack  tips  (for  crack  propagation)  best  explains  observed  results.  A 
general  model  of  corrosion  fatigue  of  these  alloys  is  proposed.  This  model  suggests  that 
the  nature  of  the  naturally  formed  oxide  film  on  aluminum  alloys  may  be  a  critical  factor. 
Chemical  or  mechanical  damage  of  the  film  allows  hydrogen  ingress.  The  presence  of  second 
phase  particles  which  may  act  as  sinks  for  dislocation  transported  hydrogen. may  also  be  a 
necessary  prerequisite  to  significant  amounts  of  reduction  in’fatigue  resistance  associated 
with  corrosion. 


Introduction 


It  is  well  known  that  high  strength  aluminum  alloys  are  highly  susceptible  to  environ¬ 
mental  degradation  in  the  presence  of  halide  ions.  In  the  unstressed  state,  this  degrada¬ 
tion  may  be  manifested  by  localized  corrosion  such  as  pitting,  crevice  corrosion  or  ex¬ 
foliation  (grain  boundary  attack).  However,  under  conditions  of  applied  or  residual 
stresses,  these  alloys  may  suffer  from  stress  corrosion  cracking  (SCC)  or,  if  cyclic  loads 
are  present,  from  corrosion  fatigue.  In  some  circumstances,  these  two  phenomena  may  be 
additive  and  a  form  of  "stress-corrosion  fatigue"  may  be  observed.  In  general,  SCC  is 
reported  as  time  delayed  failure  of  smooth  or  of  notched  specimens,  often  at  applied  stress 
levels  below  the  nominal  yield  strength  of  the  alloy.  Alternatively  if  high  aspect  ratio 
flaws  such  as  pre-cracks  are  present,  measurable  crack  grqlrth  may  be  observed  which 
generally  increases  with  stress  Intensity  (K)  until  a  plateau  value  of  crack  growth  rate 
(da/dt  a  v)  is  reached.  Both  types  of  data  are  schematically  described  in  figure  1, 

Under  cyclic  loading  conditions,  similar  trends  are  observed,  except  that  the  data  which 
are  obtained  are  generally  described  as  stress  (S  or  a)  vs  numbers  of  cycles  to  failure 
(N_)  on  semi-log  plots  for  smooth  or  notched  alloys.  For  the  case  o'f  controlled,  observ¬ 
able  crack  growth  the  data  are  generally  plotted  as  crack  growth  increment  per  cycle 
(da/dN)  vs  the  range  of  stress  intensity  (AK)(fig.  2),  While  halide  has  been  shown  to 
significantly  increase  crack  propagation  rates  (and  decrease  time  to  failure)  it  should 
be  noted  that  distilled  water,  and  even  moist  air  have  been  shown  to  be  very  effective  in 
inducing  environmentally  assisted  cracking  in  several  high  strength  aluminum  alloys. 


Aluminum  Alloy  Metallurgy 


The  aluminum  alloys  which  are  most  seriously  affected  by  environmental  degradation 
of  mechanical  properties  are  precisely  those  of  most  interest  for  commercial  application 
i.e.  high  strength/low  density  alloys.  As  a  class,  they  are  generally  utilized  in  a 
precipitation  hardened  condition  obtained  by  appropriate  heat  treatment.  In  general,  the 
precipitates  are  intermetallic  compounds  which  are  formed  and  distributed  as  small  particles 
by  a  solutionizing  heat  treatment,  followed  by  a  quench  to  maximize  the  •  acancy  concentra¬ 
tion  of  the  alloy.  Aging  temperatures  and  time  determine  the  rate  of  -cleation  and 
growth,  and  determine  the  size,  distribution  and  morphology  of  the  precipitates.  The 
initial  G.P.  zones  are  considered  to  be  coherent  with  the  matrix  and  the  final  precipitates, 
n,  maintain  partial  coherency  with  the  matrix  (111)  plane.  (1,2),  although  as  many  a^s 
seven  other  matrix/precipitate  coherencies  have  been  reported . (l , 2)  In  the  peak  aged  “con¬ 
dition  slip  is  considered  to  be  highly  planar,  while  in  the  underaged  or  overaged  condi¬ 
tion  slip  is  generally  considered  to  be  more  diffuse. 


Oeneral  Fatigue  Behavior  of  High  Strength  A1  Alloys 


The  fatigue  resistance  of  the  more  eommonlv  used  A1  alloys  such  as  2024  (Al-!'Cu)  and 
1075  (Al-5Zn~2Mg)  is  considered  to  be  poor  when  the  alloys  are  tested  in  the  peak  hardened 
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condition.  The  10?  cycle  fatigue  limit  in  neutral  environments  is  'v  0.3-0.35  of  the 
UTS,  and  when  cracks  form,  cracK  propagation  rates  are  relatively  rapid  when  compared 
with  ferrous  alloys.  On  smooth  specimens  in  the  high  cycle  fatigue  regime,  or  in  notched 
single  crystals  in  inert  atmospheres  at  relatively  low  stresses,  cracks  initiate  in  the 
stage  I  (crystallographic)  mode  and,  as  in  many  other  alloy  systems,  convert  to  a  stage 
II  mode  at  some  critical  (but  as  yet  undetermined)  crack  length  (for  a  nominal  applied 
stress  below  OyS),  For  pre-cracked  (fracture  mechanics)  specimens  cracks  are  generally 
considered  to  grow  only  in  the  stage  II  mode.  The  specific  process  by  which  cracks 
Initiate  is  still  somewhat  open  to  interpretation.  Several  models  for  crack  initiation 
processes  have  been  proposed  and  include  resolution  of  ordered  precipitates  sheared  by 
the  slip  process  (3,4)  or,  alternatively,  disordering  of  these  precipitates  thus  creating 
a  "soft"  region  along  slip  planes  where  stage  I  cracking  initiates  and  grows. (5)  However, 
at  low  applied  stresses,  approaching  the  endurance  limit,  evidence  of  precipitate  by-pass 
resulting  in  sessile  dislocation  loops  in  the  matrix  of  high  purity  Al-Zn-Mg  alloys  has 
been  reported. (6)  According  to  this  model  the  sessile  loope  generate  dllational  stresses 
across  slip  planes  leading  to  weak  planes  for  crack  initiation.  It  is  possible  that  all 
of  the  models  may  be  valid  depending  on  combinations  of  applied  stresses,  precipitate 
morphologies,  slip  plane  orientations  etc.,  and  that  no  simple  micro-process  can  explain 
all  of  the  observed  results. 


Corrosion  Fatigue  Behavior  of  High  Strength  AI  Alloys 
A.  Gaseous  Environments 


Corrosion  fatigue  of  precipitation  hardened  Al  alloys  has  been  observed  in  environ¬ 
ments  as  innocuous  as  damp  laboratory  air.  In  general,  this  environment  has  little  or  no 
effect  on  crack  initiation  processes,  but  reductions  in  the  general  S-Nf  behavior  have 
been  reported.  Additionally,  craok  propagation  experiments  Indicate  significant  increases 
in  da/dN  for  a  given  AK. ( 7 ,8) ( fig. 3  )  In  order  to  observe  a  significant  effect,  water 
vapor  must  be  present  in  the  environment,  oxygen  alone  having  little  or  no  effect  on  either 
fatigue  lives  or  fatigue  crack  propagation  rates. (9)  In  fact,  virtually  identical  crack 
propagation  rates  have  been  observed  for  a  / 075  type  alloy  in  wet  argon,  wet  oxygen  and 
wet  air. (7)  While  the  presence  of  some  water  vapcr  is  important,  increases  in  water  vapor 
concentrations  in  air  do  not  increase  crack  propagation  rates  significantly  when  a  critical 
concentration  of  water  vapor  has  been  exceeded. (8)  The  water  vapor  effect  has  been  linked 
to  a  form  of  hydrogen  embrittlement  (9,10),  although  gaseous  hydrogen  does  not  appreciably 
affect  fatigue  resistance. 

Water  vapor  has  also  been  shown  to  affect  crack  paths  in  single  crystals  of  an  Al-Zn-Mg 
alloy.  In  dry  air  for  a  peak  hardened  alloy,  conventional  stage  I  cracking  in  (111)  planes 
was  observed,  but  exposure  to  moist  air  increased  crack  propagation  rates  and  cracks  grew 
in  (100)  planes. (11,12)  The  effect  is  frequency  sensitive  and  no  appreciable  effect  is 
observed  at  50  Hz,  although  a  marked  effect'  is  noted  at  5  Hz. (12)  Also,  a  test  started 
50  Hz  but  switched  to  5  Hz  alters  the  crack  path  out  of  the  3lip  band’,  but  a  test  began 
at  5  Hz  and  switched  to  50  Hz  does  not  move  the  crack  path  back  to  the  slip  band. (fig.  4  ) 
These  results  indicate  that  the  effect  is  time  dependent  and  that  the  process  is  a  bulk 
alloy  effect,  rather  than  simply  being  strictly  a  surface  related  effect.  In  other  ex¬ 
periments  Wei  and  his  co-workers  have  convincingly  confirmed  that  the  effect  is  in  fact 
a  bulk  effect,  but  that  the  rate  limiting  step  is  not  necessarily  diffusion.  Rather  it 
appears  to  be  related  to  a  surface  reaction  of  the  water  vapor  on  the  aluminum  allov 
fracture  surface  which  releases  the  damaging  specie,  presumed  to  be  hydrogen. (10,13) 

The  specific  process  by  which  hydrogen  embrittles  the  alloy  under  cyclic  deformation 
conditions  is  still  open  to  question  and  most  of  the  "classical"  hydrogen  cracking  models 
have  been  invoked.  These  include  high  internal  pressures  at  voids  or  defects  in  the 
alloy  (14),  surface  energy  reduction  by  the  embrittling  specie  due  to  adsorption  (15-17), 
effects  of  slip  reversibility  (18)  and  changes  in  the  mechanical  properties  of  the  oxide 
film. (19)  The  high  Internal  pressure  theory  suggests  that  hydrogen  preferentially  diffuses 
to  regions  of  high  hydrostatic  stress  ahead  of  a  growing  crack,  precipitates,  and  increases 
the  local  tensile  forces  during  the  crack  advance.  Adsorption  effects  are  though  to  lower 
the  surface  energy  required  to  create  new  crack  surfaces,  although  the  energy  associated 
with  crack  tip  plasticity  is  generally  Ignored.  Hydrogen  or  other  surface  reactive  species 
may  also  affect  surface  slip  reversibility  or  alternatively  crack  tip  plasticity  resulting 
in  less  crack  blunting  as  the  crack  surfaces  are  unloaded. 


B,  Aqueous  Environments 


While  the  previously  cited  results  of  the  effects  of  gaseous  environments  are  rela¬ 
tively  recent,  severe  corrosion  fatigue  of  Al  alloys  in  aqueous,  particularly  saline,  en¬ 
vironments  has  been  recognized  for  some  time.  Some  of  the  earliest  observations  indicated 
that,  for  Al-Zn-Mg  alloys,  fracture  surface  appearance  showed  distinct  differences  when 
saline  environments  and  dry  air  were  compared .( 20 , 21)  Specifically  "ductile"  striations 
( type  "A" )  were  observed  in  dry  air,  while  "brittle"  striations  (type  "B")  were  observed 
to  occur  in  the  saline  solutions.  Examples  of  these  two  morphologies  are  shown  in  fig. 5 
The  type  "A"  striations  were  observed  to  be  non-crystallographic  and  showed  extensive 
shear,  while  type  "B"  striations  were  identified  as  occurring  on  or  near  (100)  planes. 
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It  has  also  been  observed  that  crack  propagation  rates  were  typically  3-10X  more  rapid  in 
aqueous  environments  when  compared  to  dry  air. (10,22)  Also  it  has  been  reported  that, 
the  more  aggressive  is  the  solution  toward  general  corrosion  of  the  aluminum  alloys,  the 
lower  is  fatigue  resistance  when  tested  in  those  environments.  Thus  increasing  ionic  con¬ 
centration,  particularly  of  halides,  and  both  acid  and  basic  solutions  (where  corrosion 
rates  of  aluminum  increase)  decrease  fatigue  resistance .( 23)  Lowering  the  corrosive 
nature  of  the  solutions  by  adding  inhibitors,  such  as  nitrateB,  conversely  increases  the 
fatigue  resistance. (17)  However,  it  has  been  shown  that  cathodic  polarisation  of  the 
alloy,  (cathodic  protection)  may  actually  decrease  fatigue  resistance  in  nominally  neutral 
solutions .( fig.  6)  Anodic  polarisation,  which  invariably  increases  corrosion  rates 
virtually  always  results  in  a  degradation  in  fatigue  resistance. (23» 24)  The  general  con¬ 
sensus  of  experiments  utilizing  polarization  as  a  variable,  are  that  small  amounts  of 
cathodic  polarization  slightly  increase  fatigue  resistance  but  that  large  amounts  of 
polarization  lead  to  decreases  in  fatigue  resistance.  These  results  are  by  no  means 
unequivocal,  however.  When  significant  amounts  of  cathodic  polarization  are  applied,  the 
evolution  of  hydrogen  at  the  alloy  surface  results  in  a  shift  in  the  solution  pH  in  the 
positive  direction,  and  basic  solutions  are  known  to  be  corrosive  to  aluminum  alloys. 
Additionally,  the  aqueous  solution  in  growing  cracks  is  quite  different  from  the  bulk 
solution  and,  in  some  cases,  may  be  quite  independent  of  surface  polarization. ( 25, 26) 

A  recent  experimental  program  in  our  laboratories  has  been  specifically  addressed 
toward  understanding  the  mechanism  of  corrosion  fatigue  in  a  7075  alloy  and  its  high  purity 
Al-Zn-Mg-Cu  analogue.  A  summary  of  the  results  of  this  program  follows: 

1)  It  has  been  shown  that  01“  ion  is  not  a  prerequisite  to  induce  lowered  fatigue 
resistance  in  either  alloy,  particularly  under  conditions  of  cathodic  polarization.  Sul¬ 
fate  ion,  while  less  damaging  under  free  corrosion  conditions,  is  equally  aggressive  at 
equivalent  cathodic  potentials.  In  chloride  solutions  under  freely  corroding  conditions, 
surface  pits  dominate  the  crack  nucleation  event,  but  fatigue  resistance  in  sulfate  solu¬ 
tions  where  pitting  is  not  observed  is  equivalent  to  that  observed  in  distilled  water. 

(fig.  2,7) 

2)  In  distilled  water  or  in  sulfate  solutions,  under  free  corrosion  conditions,  only 
ductile  situations  are  observed  on  the  fracture  surfaces,  versus  brittle  situations 
Invariably  observed  in  chloride  solutions.  Under  cathodic  polarization  conditions  brittle 
situations  are  observed  on  all  fracture  surfaces. 

3)  Pre-corrosion  experiments  in  NaCl  followed  by  tests  in  laboratory  air  result  in 
significant  decreases  in  fatigue  resistance.  However,  this  effect  is  at  least  partially 
reversible.  Post  exposure  heat  treatments  prior  to  fatigue  testing  increase  fatigue 
resistance  with  larger  increases  observed  as  heat  treatment  times  are  extended. (Table  I) 

4)  In  aggressive  environments,  the  cyclic  stress  13  the  primary  mechanical  factor 
controlling  the  fatigue  resistance.  The  magnitude  of  mean  stress  is  only  of  secondary 
Importance. (fig.  8) 

5)  Corrosion  fatigue  resistance  of  aluminum  alloys  is  le3s  sensitive  to  Mode  III 
(torsional)  loading  than  to  Mode  I  (tensional)  loading. ( fig.  9) 

6)  Heat  treatments  which  improve  SCC  resistance,  (eg.T73)  have  little  or  no  effect 
on  corrosion  fatigue  behavior  in  Cl"  solutions. 

Specific  Mechanisms  o(  Corrosion  Fatigue  of  A1  Alloys 

As  already  briefly  mentioned,  there  are  at  least  three  principal  mechanisms  which 
have  been  suggested  to  explain  the  reduction  of  fatigue  lives  in  A1  alloys  exposed  to 
aggressive  environments. 

A.  Strain  Enhanced  Dissolution 

l  Older  versions  of  this  mechanism  suggested  that  strained  atomic  bonds  are  more  likely 

to  lead  to  atomic  dissolution  (corrosio")  than  are  unstrained  bonds.  Refinements  to  the 
mechanism  include  the  role  of  plastic  strain  associated  with  dislocations  intersecting 
the  free  surface  of  a  i*tal  or  alloy  during  fatigue,  resulting  in  preferential  attack  of 
emerging  slip  bands. (27)  It  has  also  been  suggested  that  this  preferential  attack 
accellerates  further  slip  processes  in  a  kind  of  autocatalytic  process.  Evidence  for 
such  a  model  has  been  shown  for  mild  steels  and  for  copper  alloys  under  controlled  corrosion 
conditions. ( 28-30)  It  has  also  been  shown  that  if  corrosion  rates  are  sufficiently  low, 
fatigue  resistance  is  unaffected  by  the  environment.  Another  version  of  the  strain 
assisted  dissolution  model  is  the  film  rupture  theory.  According  to  this  mechanism, 
mechanical  rupture  of  an  otherwise  protective  film  leads  to  rapid  localized  corrosion  at 
the  film  rupture  site,  leading  to  crack  initiation  in  emerging  slip  bands,  end  subsequently 
to  corrosion  assisted  crack  growth  due  to  the  high  stress  concentrations  associated  with 
crack  tips .( 24 , 31-36) 

While  these  mechanism  can  be  used  to  explain  results  observed  for  aluminum  alloys 
exposed  to  liquid  phase  corrosive  solutions,  it  is  difficult  to  relate  them  to  the  signifi¬ 
cant  decreases  in  fatigue  resistance  observed  in  water  vapor  or  in  deaerated  distilled 
water.  Additionally,  the  observation  that  the  effects  of  pre-corrosion  are  at  least 
partially  reversible  through  conventional  heat  treatments  suggests  that  this  mechanism 
may  be  untenable  even  for  aqueous  corrosion  fatigue.  Thus,  it  may  be  considered  that 
strain  assisted  dissolution  processes  cannot  adequately  explain  either  crack  initiation 
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processes  or  enhanced  crack  propagation  process  for  these  alloys. 


B.  Surface  Energy  Reductions 


According  to  this  theory,  specific  species  which  are  strongly  adsorbed  at  surfaces 
serve  to  lower  the  local  bond  energy  and  accordingly  lead  to  increases  in  crack  propaga¬ 
tion  rates.  Some  investigators  have  also  suggested  that  reductions  in  surface  energy  may 
enhance  plasticity  and  cause  early  crack  initiation  and  propagation. ( 37)  Still  other 
investigators  have  suggested  that  surface  energy  reductions  in  growing  cracks  may  reduce 
crack  tip  plasticity  and  thus  induce  brittleness. (17)  Problems  with acceptance  of  adsorp¬ 
tion  models  have  generally  centered  on  the  large  amount  of  plastic. energy  associated  with 
crack  growth  vs  the  relatively  small  amount  of  surface  energy  (,vlOJ:l).  Thus  even  large 
changes  in  surface  energy  should  not  a  preoiably  affect  cracking  tendencies.  Also,  the 
observation  that  S0^  =  ion  is  at  least  as  damaging  as  Cl~  ion  under  cathodic  changing  con-r 
ditiors  would  tend  to  discour'-  a  specific  species  explanation. 


C.  Hydrogen  Assisted  Cracking 


The  possibility  that  aluminum  alloys  may  suffer  from  hydrogen  embrittlement  was 
strongly  suggested  by  experiments  which  showed  that,  for  thin  specimens,  air  borne  water 
vapor  caused  totally  brittle  failures  in  Al-Zn-Mg  alloys. (38,39)  In  fact,  brittle  inter¬ 
granular  cracks  were  observed  by  high  voltage  transmirsion  electron  microscopy  in  thin  foils 
of  these  alloys  with  no  signs  of  anodic  dissolution  or  plasticit’  .  Further  experiments 
indicated  that,  after  exposure  of  this  alloy  to  water  vapor,  voids  were  observed  to  grow 
from  interactions  with  a  focused  electron  beam.  Also,  fracture  of  these  specimens  in  a 
mass  spectrometer  was  accompanied  with  the  release  of  clearly  identifiable  amounts  of 
hydrogen. ( 39)  Tensile  experiments  in  an  Al-Mg  alloy  (5086)  charged  with  tritium  also 
showed  discontinuous  yielding  associated  with  tritium  release. (4o)  It  appears  certain 
then,  that  A1  alloys  which  contain  hydrogen  are  accordingly  embrittled  and  that  there 
appears  to  be  a  dislocation  -  hydrogen  interactions. 


Proposed  Mechanism  of  Corrosion  Fatigue  of  A1  Alloys 


On  the  basic  of  the  results  presented  in  this  discussion,  and  on  recently  obtained 
but  yet  unpublished  results  obtained  at  Rensselaer,  it  appears  that  this  latter  mechanism, 
that  of  hydrogen  embrittlement,  can  successfully  be  applied  to  corrosion  fatigue  of  high 
strength  aluminum  alloys.  Table  II  summarizes  some  of  the  relevent  arguments  with  support 
or  lack  of  support  for  either  a  hydrogen  embrittlement  process  or  an  anodic  dissolution 
process.  Perhaps  the  most  significant  observations  are  that  water  vapor  alone  can  produce 
Increases  in  crack  propagation  rates,  which  are  equivalent  to  increases  in  rates  obtained 
in  distilled  H.O  alone  or  with  Na.SO;,  additions.  Also,  the  partial  reversibility  cf 
damage  when  tested  in  air  after  exposure  to  pre-corrosion  is  strongly  indicative  of  a 
dissolved  species  rather  than  an  adsorbed  species  which  is  responsible  for  embrittlement. 
Other  periferal  observations  such  as  the  effects  of  .oad  mode  (Mode  I  or  tension  being 
worse  than  Mode  III  or  torsion)  and  the  absence  of  mean  stress  effects  permit  the  presen¬ 
tation  of  a  qualitative  model  for  corrosion  fatigue  of  high  strength  A1  alloys.  According 
to  this  model  hydrogen, dissolved  in  the  alloy,  in  the  process  zone  at  a  crack  tip,  em¬ 
brittles  this  region  and  causes  increases  in  crack  propagation  rates.  The  specific  pro¬ 
cess  by  which  the  embrittlement  occurs  remains  elusive,  although  it  may  be  significant 
that  those  alloys  which  have  small,  semi-coherent  particles  are  the  most  susceptible  to 
failure . Consideration  that  the  non-coherent  precipitate-matrix  interface  at  grain  boundaries 
in  statically  loaded  specimens  is  the  preferred  crack  path, suggests  that  hydrogen  may 
collect  at  these  interfaces  to  cause  decohesion.  Under  cyclic  loading  conditions,  the 
mobile  dislocations  may  act  as  short  circuit  paths  for  hydrogen  to  precipitate  at  inter¬ 
faces  in  the  grain  interiors  in  preference  to  grain  boundary  regions.  Thus  the  fracture 
path  is  shifted  to  transgranular ,  since  effective  diffusion  rates  are  enhanced  still  more 
than  are  grain  boundary  diffusion  rates.  It  may  be  significant  to  note  that,  for  alloys 
with  equiaxed  grains,  low  cyclic  stresses  and  small  amounts  of  cathodic  charging  result 
in  intergranular  crack  i  itiatlon  and  early  propagation  even  under  cyclic  loading  conditions. 
As  the  cracks  elongate  however,  the  local  effective  stress  increases,  dislocation  densities 
and  mobilities  increase,  and  the  cracks  shift  to  a  transgranular  mode . (Table  III)  The  crack 
path  shift  to  {110}  or  {112}  planes  from  the  {111}  slip  planes  (in  non-aqueous  environments) 
which  has  been  reported  may  also  be  associated  with  a  particular  precipitate/matrix 
interfacial  plane 'where  hydrogen  collects.  Since  it  has  also  been  shown  that  sulfate 
Is  as  effective  as  chloride  in  reducing  fatigue  resistance  if  external  sources  of 
hydrogen,  (cathodic  charging)  are  applied,  the  specific  role  of  chloride  appears  to  be 
related  to  chemical  damage  of  the  otherwise  protective  film  allowing  the  ingress  of 
hydrogen  to  the  alloy.  In  the  absence  of  chemical  damage  to  the  film,  mechanical  damage 
by  slip  step  intersection,  first  with  the  free  surface  for  crack  initiation,  and  sub¬ 
sequently  with  advancing  fracture  surfaces,  allows  hydrogen  to  enter  the  alloy,  again 
presumably  carried  by  dislocations.  Thus  non -chloride  containing  aqueous  media  (water 
vapor,  distilled  water,  S0^“  solution,  etc.)  all  behave  in  a  similar  manner.  According 
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to  this  model,  only  the  process  zone  at  the  crack  tip  need  contain  hydrogen  to  cause 
accellerated  crack  growth.  Thus  the  normally  low  bulk  diffusion  rates  generally  reported 
for  hydrogen  in  aluminum  alloys  need  not  be  rate  controlling. 

A  second  aspect  of  the  model  is  the  requirement  for  a  specific  distribution  and 
morphology  of  strengthening  precipitates.  Thus  alloys  such  as  1100  A1  (commercially  pure) 
or  2024  (Al-Cu)  would  not  necessarily  be  expected  to  be  embrittled.  Likewise,  overaging 
or  underaging  heat  treatments  which  alter  precipitate/matrix  relationships  would  be  ex¬ 
pected  to  alter  the  sensitivity  of  alloys  to  corrosion  fatigue. 

In  summary,  the  key  to  the  corrosion  fatigue  phenomenon  in  A1  alloys  may  be  related 
to  the  method  by  which  hydrogen  enters  the  alloy.  Since  the  naturally  formed  film  on  the 
alloy  appears  to  exhibit  a  low  permeation  to  hydrogen,  those  mechanical  or  chemical  events 
which  weaken  or  damage  the  film  may  control  the  crack  initiation/propagation  process. 

This  would  then  help  to  explain  the  effects  of  cyclic  stress  range  and  the  lack  of  effect 
of  mean  stress  level  (mechanical  factors)  and  the  effects  of  such  variables  as  chloride 
ion,  high  or  low  pH,  applied  potentials  or  currents,  and  solution  chemistry  in  general. 


Summary 


To  summarize,  a  model  for  corrosion  fatigue  of  high  strength  A1  alloys  is  proposed 
which  is  dependent  on  surface  film  integrity.  Chemical  or  mechanical  damage  to  the  film, 
allowing  exposure  of  hydrogen  to  emerging  dislocations  (slip  planes)  which  effectively 
"pump"  hydrogen  into  the  crack  process  zone.  It  is  further  suggested  that  the  hydrogen 
collects  at  precipitate  matrix  interfaces  and,  through  some  still  unknown  specific 
mechanism,  causes  separation  of  the  interfaces.  The  model  is  an  extension  of  previous 
models  proposed  for  stress  corrosion  cracking  of  these  alloys,  except  that  the  cyclic 
nature  of  the  dislocation  motion  creates  a  preferentially  high  diffusion  path  into  the 
process  zone  rather  than  into  the  normal  high  diffusity  zone  of  grain  boundaries. 
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TABLE  I 


The  Effect  of  a  Re-Heat  Treatment  Duration  on  Subsequent  Fatigue 

7ropertie3  in  Air 

Pre-Corrosion:  24  hours  in  aerated  0.5  NaCl 

Re-heat  treat:  Solutionize  at  470°C  for  x  hours 
Age  at  121  C  for  24  hours 

Fatigue  in  air:  Mean  stress  276  MPa,  Cyclic  Stress  ±  96  MPa 


Time  at  470°C 
0  hours 
3  hours 
6  hours 
24  hours 


30,000  cycles 
85,000  cycles 
101,000  cycles 
>  13,000,000  cycles 


TABLE  II 


Effect  of  Cyclic  Load  on  the  Fracture 
Morphology  of  Al-5.5Zn-2.5Mg-l.5Cu 

-1.75V  vs.  SCE 


in (7. 5M  NaCl  Polarized  to 

2 

Cyclic  Stress  MN/m 

at  c  -  207  MN/m2 
m 

76 

69 

55 

41 

28 


t  Intergranular  Failure 

0 

0 

0 

10 

26 


17 


35 


TABLE  III 


A  Summary  of  Experimental  Observations  on  the  Mechanisms  of  Corrosion  Fatigue 

of  A1  Alloys 


Experimental  Observation 

Sensitivity  to  water  in  both  the 
liquid  and  vapor  form. 


Sensitivity  to  Anion  Tvpe  and 
Concentration. 

Decreased  fatigue  resistance  in 
both  acid  and  basic  Na^SO^. 


Similarity  between  potential 
dependence  for  fatigue  and 
hydrogen  permeation  in  NaCl. 

Fatigue  in  deaerated  solutions. 


Pre-exposure  effect  and  the 
partial  reversibility  upon  re¬ 
heat  treatment. 

Insensitivity  of  fatigue  lives 
to  mean  stress  in  aggressive 
environments . 


Hydrogen  Embrittlement 
Strong  support  for  H.E. 


Consistent  if  modifica¬ 
tions  in  the  oxide  are 
more  important  than  H+ 
concentration  of  bulk 
solution. 

Supportive,  higher  sur¬ 
face  hydrogen  concentra¬ 
tion. 

Consistent  with  the  lm- 
protective  nature  of 
oxide  and  higher  H+ 
activity . 

Parallel  behavior  as  in 
NaCl  because  there  is 
increased  hydrogen  in 
both  solutions. 

Strong  support. 


Consistent  with  easier 
H  entry. 

Unambiguous  support  for 
H.E. 


Supportive,  there  is  no 
hydrostatic  stress  com¬ 
ponent  in  Mode  III  to 
concentrate  H  in  the 
crack  tip  region. 


Enhanced  Anodic  Dissolution 

Water  vapor  should  have  r.o 
effect  when  crack  is  notflllad 
with  a  liquid  phase. 

Not  easily  attributable. 


Supportive  because  both  make 
the  oxide  less  stable  and  make 
dissolution  easier. 


Some  support,  can  be  explained 
by  changes  in  oxide  film. 


Supportive,  increasing  disso¬ 
lution  rate  increases  rate  of 
cracking. 


Some  support  due  to  less 
protective  oxide  film. 


Can  be  explained  by  modifi¬ 
cations  in  oxide  film 
behavior. 

Can  be  explained  by  resultant 
changes  in  the  oxide  film. 

Cannot  be  explained. 


Not  supportive  unless  effect 
is  due  to  the  inability  of  the 
solution  to  get  to  the  crack 
tip  region.  This  is  consiT 
dered  unlikely  in  the 
dynamic  fatigue  testing. 


Insensitivity  to  aggressive 
environments  under  Mode  III  loading 
compared  to  Mode  I  loading. 


Crack  path  shift  reported  from  {111)  Consistent  with  environ- 
to  {100}  in  aggressive  solutions.  mentally  induced  clea¬ 
vage  . 


Decreased  fatigue  resistance 
with  cathodic  polarization  in  NaCl. 


Decreased  fatigue  resistance  with 
anodic  polarization  in  NaCl. 


Decreased  fatigue  resistance  in 
NajSO^  with  cathodic  polarization. 


Affects  the  passivation  rate  and  ^xide  film  stability 
which  control  both  mechanisms. 


Consistent  with  idea  of 
H  transport  by  mobile 
dislocation  which  are 
produced  by  cyclic  stres 
component . 


Consistent  with  mechanism 
because  the  cyclic  stress 
controls  the  slip  step  area 
exposed . 


(a)  Co) 

Figure  1.  a)  Schematic  diagram  of  stress  intensity  factor  (K)  versus  time  to  failure 
in  a  stress  corrosion  environment  at  K.  Below  K,scc  failure  should  not  be  observed.  This 
type  of  data  is  also  reported  as  stress  versus  °time  to  failure  for  smooth  specimens, 
and  a  threshold  stress  level  is  then  determined. 

b)  Schematic  diagram  of  crack  velocity  versus  stress  intensity  factor  for  an 
alloy  susceptible  to  SCO.  KIgcc  is  ofteb  described  by  the  intersection  of  stage  I  cracking 
with  the  K  axis.  Stage  III  cracking  is  not  always  observed  and  KIC  is  the  fracture  tough¬ 
ness  of  the  alloy  in  the  absence  of  environment. 


sites  mnNsut  tutu,  it.  is,  -  in*  w,t 


Figure  2. 


Figure  2,  Typical  fatigue  crack  propagation  data  for  a  precipitation  hardened  aluminum 
alloy.  It  should  be  noted  that  crack  propagation  rates  in  distilled  water  and  in  0.7  m 
K2S0k  are  identical  and  greater  than  in  argon  but  that  halides  considerably  increase  crack 
propagation  rates  at  virtually  all  AK  values. 
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Figure  3. 


Figure  3.  Typical  crack  propagation  data  for  a  precipitation  hardened  aluminum  alloy  aB  a 
function  of  the  partial  pressure  of  water  vapor.  Note  that  the  behavior  is  similar  for 
each  Kmax  value>  but  that  there  is  a  marked  increase  in  crack  propagation  rates  at  pH  > 

10  torr.  With  the  exception  of  the  transition  zone  between  lo-1  and  10°  torn  da/dN2is 
virtually  constant. 


figure  4.  a)  Schematic  diagram  of  crack  propagation  in  high  purity  A1  Zn  Mg  alloy  single 
crystals  exposed  to  dry  N.  and  to  laboratory  air  (with  some  unmeassured  water  vapor  present) 
as  a  function  of  frequency.  In  N-  cracks  grow  crystallographically  independentof  test  fre¬ 
quency.  However,  in  air,  decreasing  test  frequency  either  causes  the  crack  to  deviate  to  a 
stage  II  mode  or,  if  the  test  is  begun  at  a  low  frequency,  the  stage  I  mode  is  not  observed, 
ihese  data  suggest  a  time  dependent  reaction  in  laboratory  air. 

b)  Fracture  surface  of  an  A1  Zn  Mg  single  crystal  showing  that,  at  a  constant 
frequency,  crack  propagation  rates  are  considerably  increased  in  moist  air  vs.  in  dry  N^. 


Figure  5.  Fatigue  fracture  surfaces  of  7075  T6  tested  in  (a)  dry  air  showing  ductile  or 
type  A  striations  and  (b)  in  0.5  NaCl  showing  brittle  or  type  B  striations.  Tests  of 
this  alloy  in  distilled  water  or  in  0.5  N  Na5S0^  produce  striations  similar  to  type  Abut  the 
application  of  cathodic  potentials  in  Na^SO^causes  a  change  to  type  9.  Arrows  indicate 
direction  of  crack  growth  and  brackets  indicate  crack  advance  per  cycle. 


Figure  6. 

Figure  6.  Fatigue. life  versus  electrochemical  potential  for  a  7075-T6  alloy  in  0.5  N  NaCl. 
The  open  circle  corresponds  to  the  corrosion  potential.  Small  cathodic  potentials  increase 
fatigue  lives,  but  larger  deviations  for  .the  corrosion  potential  cause  a  decrease  in  fatigue 
resistance.  Anodic  polarization  always  decreases  fatigue  resistance. 


Figure  7.  a)  Fatigue  behavior  of  7075-T6  exposed  to  air,  H,0  and  0.5  N  Na-SOn  and  0.5  N 
NaCl.  H.,0  and  Na^SO^  solutions  show  similar  behavior  (see  Figure  2).  ' 

b)  Effect  of  cathodic  polarization  of  7075- T6  in  0.5  N  NaCl  and  0.5  N  Na?SOa 
showing  essentially  identical  behavior  for  either  anion.  £  q 
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Abstract:  Corrosion  fatigue  of  structural  elements  Involves  a  synergism  between 

cyclic  load  and  a  chemical  environment  Involving  both  time  and 
temperature  as  > ate-controlllng  parameters.  Thus,  It  Is  very  complex 
to  understand  mechanistically.  Furthermore,  the  development  of 
rational  life  prediction  methods  Is  hampered  by  both  the  lack  of 
mechanistic  understanding,  the  large  number  of  corrosion-fatigue 
synerglsms,  and  the  Inadequacies  of  fracture  mechanics  based  models 
In  both  pre  mode  I  fatigue  cracking  and  Initial  mode  I  cracking. 

Aspects  of  mechanisms  related  to  the  formulation  of  corrosion  fatigue 
life  prediction  models  will  be  discussed  In  relation  to  micromechanical 
modelling  based  on  fracture  mechanics.  Emphasis  will  be  placed  on  the 
formation  of  mode  I  fatigue  cracks  fron  pics,  and  fretting  surface 
damage.  A  discussion  of  the  needs  In  this  area  will  be  presented.  It 
Is  believed  that  with  further  analytical  and  experimental  Information 
the  models  presented  can  be  verified  ar.d  provide  useful  guidance  to 
engineers  and  scientists  attempting  to  deal  with  corrosion  and  fretting 
fatigue. 

NOMENCLATURE • 

A  -  Stress  Rat'o  (R  sometimes  preferred),  ratio  of  alternating  stress  to  mean  stress, 

R  is  the  ratio  of  the  minimum  stress  to  the  maximum  stress,  thus,  R  *  (1-A)/ 

(1+A)  and  A  •  (1-R)/(1+R). 

a  =■  Surface  crack  depth,  units  of  length. 

a^  »  Minimum  Inspectable  discontinuity  size  for  a  given  material  for  a  given 

non-destructive  Inspection  technique  and  procedure,  units  of  length. 

a,  «  Minimum  Inspectable  discontinuity  size  for  a  given  environmental  exposure, 

e  units  of  length. 

aQ  »  Original  discontinuity  size  In  a  material,  units  of  length. 

b  »  parameter  In  pitting  equation,  experimental. 

2c  «  Surface  crack  length,  units  of  length. 

C  ■  The  ratio  of  the  number  of  cycles  of  load  to  produce  a  crack  of  size  a, 

or  a0  to  the  number  of  cycles  of  load  that  would  cause  failure  at  the 

same  load  or  stress  value;  (N^/N^). 

C  ■  Parameter  In  pitting  equation,  experimental. 

Cjj  *  Same  as  C  above  except  for  a  baseline  condition. 

Cg  *  Same  as  C  above  except  for  a  given  environment. 

d  »P1t  depth,  units  of  length. 
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E  ■  Young's  Modulus  of  Elasticity*  psl  (Mps) 

e  ■  Threshold  parameter  for  crack  propsgstlon  d«t». 

K  ■  Stress  Intensity  factor  ,  psl  Ah  (or  Ksl  An)  (MpaAf  ) 

■  Initial  stress  Intensity  factor,  psl  /Tn  (Mpa/n  ) 

K,  ■  Initial  stress  Intensity  factor  for  a  given  environment,  psl  VTfT  (MpaAf  ) 
’e 

Kjb  ■  Instability  parameter  In  crack  growth  fitting  function,  psl  /l?  (Mpavfif  ) 

K,  ■  Plana  strain-stress  Intensity  factor  for  the  tensile  (Mode  I)  mode  of 
crack  opening,  psl  /Tn  (Mparm  ) 

Kc  ■  Plane  stress-stress  Intensity  factor,  psl  An  (MpaAt  ) 

AK  -  Range  In  stress  Intensity  in  a  fitlgue  loading  cycle, 

"  ^Nnax  *  Km1n*'  pi1  ^  )• 

Kth  or  »  Threshold  value  of  stress  Intensity  bt  ,w  which  no  detectable  flaw  growth 

51  Is  observed  In  the  fatigue  loading  cycles  applied,  psl  An  (MpaAt  ),  Mode 

Akth  I  thres' 'id  unless  otherwise  specified. 

h  ■  Shape  parameter  for  curve  fitting. 

N  ■  Number  of  load  cycles  to  failure  (general  case) 

N,  *  Number  of  cycles  to  Initiate  a  crack  of  specified  size  at  a  specified 

1  stress  level  or  stress  Intensity  level. 

N.|  ■  Same  as  N^  except  In  a  given  environment, 

e 

Nf  »  Number  of  cycles  to  failure  at  a  given  stress  level. 

NOI  *  Non-destructive  Inspection. 

NOT  »  Non-destructive  testing;  e.g.  proof  testing. 

P^  *  The  applied  fatigue  load. 

R  ■  Stress  ratio,  defined  under  A  above. 

S  «  Alternating  stress  amplitude  ($  /2  where  S„  Is  the  stress  range),  psl(Npa) 

a  r  ' 

Smean  "  Mean  stress  a  f**1gue  cycle,  (S|MX  +  W*'  "'<**> 

Smax  *  The  h19hest  algebraic  value  of  stress  In  the  stress  cycle,  psl(Mpa) 

Smin  *  The  1owest  algebraic  value  of  the  stress  In  the  stress  cycle,  psl(Mpa) 

AS  «  The  total  stress  range,  used  for  Sr>  psl(Mpa) 

snet  *  The  net  sect1on  based  on  the  net  section  area,  psl(Mpa) 

t  »T1me  for  pit  to  develop. 

v  ■  Characteristic  value  for  crack  propagation  data. 

da/dN  «  The  crack  growth  rate  per  cycle.  In/cycle  (usually  v  In  cycle  or  mm/cycle) 

da/dt  «  The  crack  growth  rate  In  a  unit  of  time.  In/sec  or  cm/ sec 

u  ■  Frequency,  cps  or  hz. 


INTRODUCTION 

The  challenge  of  fatigue  design  Is  dealt  with  by  using  the  "safe-life"  and  "damage-tolerant" 
fatigue  design  philosophies.  Frequently  the  safe-life  concept  Is  based  on  Idealized  elasticity  and 
plasticity  concepts  with  no-cracks  or  crack-like  discontinuities  allowed  because  of  the  simplistic 
assumptions.  Thus,  the  safe-life  concept,  employing  S-N,  t-N,  and  constant  life  fatigue  diagrams, 
frequently  has  been  used  to  estimate  time  to  "first  cracking"  In  a  structure.  However,  It  Is  well 
known  that  crack-like  discontinuities  can  exist  In  the  initial  "state"  of  the  structure  or  be 
created  during  the  use  cycle.  Thus,  fracture  mechanics  has  been  developed  to  aid  In  the  design  of 
aircraft  structures  of  all  types  to  tolerate  the  presense  of  either  the  Inherent  discontinuities  or 
those  created  In  the  use  cycle.  Numerous  conferences  In  the  last  fifteen  years  have  aided  In  the 
formalization  of  fracture  mechanics  analysis  procedures  and  data  generation  procedures  to  complement 
the  already  resting  structural  design  methods.  Several  NATO-AGARD  publications  are  available  that 
discuss  several  aspects  of  this  challenge  to  the  aircraft  structural  design  engineers  (1-3).  In 
addition  to  aircraft  these  concepts  can  be  applied  to  ships  and  other  structures  (4).  Figure  1  1$ 
a  sumnary  of  the  various  aspects  of  fracture  mechanics  analysis  that  constitute  a  significant  part 
of  damage  tolerant  design  today.  These  concepts  are  expanded  In  Figure  2(5).  As  part  of  the  sub- 
critical  growth  stage  (middle  column  of  Figure  2)  the  anticipated  service  stresses  and  environments 
(thermal,  chemical,  and  radiation)  are  needed  to  make  a  "life"  estimate. 
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REQUIREMENTS 
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ANALYSIS 
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•  FABRICATION  SPECS 
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SERVICE  EXPERIENCE 
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•  INSPECTION  TECHNIQUES 

•  SERVICE  LIFE  MONITORING 


Figure  1  -  Elements  of  Fracture  Mechanics  Design  Methodology  Used  In  Damage  Tolerant 
Design  of  Aircraft)  Surface  Ship,  Submersible,  Spacecraft,  Piping,  and 
Power  Generation  Structures. 
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Figure  2  -  Conceptual  Fracture  Mechanics  Considerations 
In  Design  (5  -  by  permission) 
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In  addition,  data  on  crack  extension  rates  In  the  environment  are  desired  for  the  component  and/or 
system  In  question. 

The  engineer,  always  faced  with  the  exciting  prospect  of  configuring  the  component  to  do 
the  job  Intended  (perform  the  functlon/mlsslon)  must  now  formally  deal  with  the  potential  for  In¬ 
herent  crack-like  discontinuities.  These  Inherent  discontinuities  can  be  any  one  of  the  follow¬ 
ing  types: 


INHERENT  MATERIAL  DISCONTINUITY 

INHERENT  MANUFACTURING  AND  ASSEMBLY  DISCONTINUITIES 

INHERENT  GEOMETRIC  DISCONTINUITY. 

Given  that  a  discontinuity  Is  Inherent  an  estimate  of  fatigue  life  can  be  made  by  application  of 
reasonably  well  established  procedures  based  on  extension  of  the  Inherent  discontinuity  by 
fatigue  crack  growth  under  the  condltlons-of-lnterest  to  the  structure  (6-9). 

Even  though  this  may  appear  to  he  a  straight  forward  problem  It  Is  not1,  W.  Schutz  (B) 
discussed  some  of  the  aspects  of  this  great  challenge  previously:  "The  effect  of  environment 
on  the  materials  properties  must  be  Investigated  thoroughly.  First,  a  definition  of  the  actual 
environment  Is  necessary.  Is  a  test  In  3.5  per  cent  NaCl  actually  a  close  enough  simulation 
of  an  aircraft  environment? 

Second,  corrosion  Is  assumed  to  be  a  time-dependent  phenomenon.  However,  the  combined 
action  of  time  and  load,  especially  If  the  latter  Is  variable,  can  reverse  this  effect,  as 

reported  In  (10)  and  shown  by  IABG  results - .  Here,  tests  under  variable  (B-step  programme) 

loading  demonstrated  a  much  smaller  effect  of  a  salt-water  environment  than  the  latter.  How 
can  this  be  explained? 

Third,  a  possibility  must  be  found  of  shortening  the  testing  time  compared  to  actual 
service  time,  otherwise  the  tests  take  too  long,  are  too  expensive,  and  their  results  come 
too  late".  (Ref.  8  p  759) 

Based  on  the  extensive  needs  to  find  reliable  and  reasonably  economical  test  methods 
and  methods  to  transfer  data  to  estimate  Inspectlon/repalr/replacement  Intervals,  numerous 
test  programs  are  under  way  to  develop  a  standardized  test  procedure  to  rank  materials  for 
their  environmental  fatigue  resistance.  In  partial  recognition  of  this  need  programs  were 
Initiated  In  1968  by  the  U.S.A.F.  that  had  the  specific  objective  of  providing  Information 
related  to  evaluating  specific  environments,  establishing  test  procedures,  producing  data 
evaluation  and  presentation  techniques  In  relation  to  material  behavior  of  airframe,  landing 
gear,  and  engine  materials  (11,  12).  One  of  the  results  of  both  of  the  extensive  studies 
cited  was  that  much  further  work  was  needed.  It  Is  pleasing  to  thus  participate  In  this 
meeting  which  Is,  in  part,  related  to  filling  these  great  needs  of  the  engineer/scientist  to 
deal  with  the  corrosion  fatigue  challenge. 

Notwithstanding  the  significant  progress  being  made  In  our  ability  to  deal  with 
environmentally  assisted  mode  I  crack  growth,  there  Is  a  large  area  of  the  problem  of 
damage  tolerant  design  that  needs  a  great  deal  of  attention.  This  Is  the  area  that  deals 
with  the  production  of  localized  "damage"  In  structures  during  the  use  cycle  (Including 
Inspection,  maintenance,  repair,  and  replacement  Induced  "damage").  Thus,  even  though 
crack-like  discontinuities  can  be  Inherent  as  described,  discontinuities  can  be  created 
during  the  use  cycle  that  may  become  more  significant  than  the  Inherent  discontinuities. 

This  situation  Is  represented  conceptually  In  Figure  3.  The  Items  on  the  left  Indicate 
mechanisms  of  generation  of  a  localized  discontinuity  (damage)  from  which  a  mode  I  crack 
may  extend  as  Indicated  in  the  Figure. 

This  paper  (Inscribes  researches  that  have  been  underway  to  utilize  fracture  mechanics 
concepts  to  deal  with  the  left  side  of  Figure  3  as  It  relates  to  corrosion  pitting  fatigue 
and  fretting  fatigue.  In  the  sections  that  follow  the  concepts  being  utilized  are  described. 

It  Is  not  our  attempt  here  to  go  over  all  details  of  the  work  completed  to  date  either  In  the 
Structural  Integrity  Laboratories  of  the  University  of  Toronto  or  elsewhere.  Rather,  the 
concepts  being  developed  will  be  described  and  reference  made  to  recent  researches  that  are 
relevant. 

Dealing  with  Corrosion  Fatigue  from  an  Engineering  Perspective 

In  1971  a  view  of  Corrosion  Fatigue  Considerations  In  materials  selection  and  engineering 
design  was  presented  (13).  Figures  4-6  (from  Ref.  13)  suggested  several  Important  aspects  of 
both  the  corrosion  fatigue  challenge  and  the  fretting  fatigue  challenge  that  should  be  given 
consideration.  Figure  4  provides  guidance  as  to  the  various  aspects  that  should  be  considered 
In  a  systems  context.  Clearly  the  aspects  listed  will  have  a  synergistic  Interaction  that  Is 
difficult  to  deal  with  Figure  5  presents  the  elements  of  the  conceptual  physical /chemical  model 
presented  In  1971(13)  that  are  the  basis  for  much  of  the  research  being  done  now  to  attempt  to 
estimate  the  extent  of  life  reduction  related  to  the  development  of  a  mode  I  discontinuity  or 
the  propagation  of  a  mode  I  discontinuity  under  conditions  where  the  chemical  environment  Is 
having  a  significant  Influence.  This  figure  forms  the  basis  of  the  discussion  In  the  next 
section. 


Figure  6  presents  suggested  engineering  guidelines  for  dealing  with  the  corrosion  fatigue 
challenge.  The  portion  on  the  left  headed  "Initiation"  deals  with  Initiation  of  a  given  chemical 
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Figure  3  -  Conceptual  representation  of  elements  of  the  failure  prevention  problem. 
[Crack-like  discontinuities  can  be  created  during  use  by  the  processes 
indicated  on  the  left.  They  may  become  large  enough  to  produce  a  mode 
1  crack  that  extends  to  produce  fracture  Instability  or  be  detected  by 
either  malfunction  or  Inspection]. 
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Figure  5  -  The  conceptual  model  presented  In  1971(13)  that  has  been  expanded  In 
recent  years  related  to  corrosion  pitting  fatigue. 
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Figure  6  -  Suggested  guideline  for  eliminating  the  corrosion  fatigue  challenge  or 
alleviating  It  to  an  extent  (13).  Upper  portion  deals  with  Initiation 
of  pitting  (or  other  corrosion  form)  under  dynamic  loading  and  the 
lower  portion  deals  with  crack  propagation. 
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Interaction  with  dynamic  loading  to  produce  physical  discontinuities.  As  the  column  suggests  the  most 
desirable  situation  would  be  to  eliminate  corrosion  so  that  Its  (or  other  corrosive  forms)  would  net 
be  "Initiated".  The  left  column  of  Figure  6  suggests  ways  that  the  problem  Is  typically  dealt  with 
to  prevent  or  eliminate  the  generation  of  discontinuities  during  the  use  cycle.  If  this  Is 
accompl 1  shed  then  no  need  would  exist  for  using  fracture  mechanics  to  model  the  corrosion  fatigue 
(or  fretting  fatigue)  challenge  ,  as  exists  for  Inherent  discontinuities.  The  right  side  of  Figure  6 
suggested  various  ways  to  deal  with  propagation  of  mode  I  discontinuities.  These  aspects  have 
been  explored  considerably  and  undoubtedly  this  research  will  continue. 

In  engineering  other  methods  of  dealing  with  the  corrosion  fatigue  challenge  exist.  Anderson 
(14)  suggested  that  lead  the  fleet  articles  be  examined  for  corrosion  fatigue  as  the  "structure 
corrodes  away".  He  also  suggests  that  the  full-scale  fatigue  test  has  dubious  value  since  the 
compressed  time  under  which  it  Is  conducted  cannot  simulate  the  corrosion  aspect.  [Even  though  we 
conduct  full-scale  fatigue  tests  for  other  reasons  (notably  Identification  of  structural  hot-spots) 
we  agree  with  some  of  Anderson's  assertions].  Crlchlow  (15),  In  the  same  AGARD  document  suggested 
fatigue  life  reduction  factors  (Rg)  for  three  environmental  exposures  on  the  airframe  for  some 
common  airframe  materials  as  follows: 


Fatigue  Life  Reduction  for  Environmental 
Exposure  Indicated  (Re) 

Material 

Internal 

Structure 

Unexposed 

External  Structure  - 
Exposed  Normal 
Atmosphere 

Active 

Environment* 

Aluminum  alloys 

Steel 

1.25 

2.0 

4.0 

Titanium  " 

Magnesium  " 

(4.0) 

(8.0) 

■110.0) _ 

* 

Active  environments  Include  fuel  sump  water,  food  and  human  waste  products,  engine 
exhaust  gases,  and  others  more  active  than  normal  sea  coast  atmosphere  (15). 

Using  the  various  approaches  suggested,  we  have  been  able  to  cope  with  many  aspects  of  both 
the  corrosion  fatigue  and  fretting  fatigue  challenge. 

However,  If  as  suggested  In  1971(13)  and  In  other  publications  on  fretting  fatigue  a  damage 
threshold  exists,  which,  when  crossed  suggests  that  a  mode  I  fatigue  crack  Is  propagating,  the 
corrosion  (or  fretting)  only  has  an  Influence  to  the  extent  that  it  may  accelerate  mode  I  crack 
growth.  In  many  practical  situations  where  we  are  not  able  to  eliminate  eltner  corrosion  pitting 
or  fretting  It  Is  desirable  to  know  the  extent  of  either  pitting  or  fretting  that  can  be  tolerated 
before  repair  or  replacement  action  ire  taken.  This  Is  one  of  the  main  reasons  for  continuing  the 
pursuit  of  the  fracture  mechanics  modelling  of  corrosion  pitting  fatigue  and  fretting  Initiated 
fatigue. 


Fracture  Mechanics  Modelling 

The  elements  of  the  conceptual  model  for  corrosion  pitting  fatigue  are  presented  In  Figure  7. 
The  Figure  should  be  viewed  left  to  right.  Basically,  an  attempt  Is  made  to  evaluate  the  corrosion 
pit  depth  using  pitting  theory.  Then,  using  knowledge  of  the  fatigue-crack  growth  threshold  In  the 
environment  under  consideration  the  depth  at  which  the  pit  converts  from  a  pit  to  a  mode  I  crack  Is 
estimated.  The  pit  has  been  modelled  as  a  surface  "flaw"  as  Indicated  below: 


Must  Know  Flaw  Type,  Shape - ►  a.tec 

I - ►  Surface  Flaw 


h* — 2c— WH 


This  turns  out  to  be  an  oversimplification  for  numerous  pit  morphologies,  but  represents  a  starting 
point.  Several  of  these  concepts  were  significantly  Influenced  by  the  contributions  and  stimulating 
Interaction  with  Or.  G.  Bowie.  References  16  -  18  further  coverage  of  the  detailed  concepts  of  the 
model  are  presented  In  References  (16-18).  Mayflel d( 1 9) ,  Cox(20)  and  Heekes  (21)  all  have  conducted 
experimental  research  to  continue  the  model  verifications.  The  former  workers  conducted  research  on 
2024-T851  and  2124-T851 .  Weekes  conducted  research  on  AISIC1 045  Steel.  For  the  materials  evaluated 
to  date  (7075-T6,  pipeline  steels,  2024-T3,  2024-T851,  4340(280Ks1  -  Stu),  T1-6Ai-4V[M  A3,  and 
AISTC1045),  the  model  offers  some  promise  of  providing  estimation  capability. 


Several  problem  areas  have  been  found  to  exist  to  date.  These  are: 

1)  The  utilization  of  surface  flaw  equations  provides  simplicity 
but  does  not  model  many  pit  morphologies.  The  work  of  Cox(20) 
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Figure  7  -  Elements  of  Fracture  Mechanics  Modelling  of  Corrosion 
Pitting  Fatigue  (13,  16-18) 
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and  Weekes  (21).  as  well  as  Ebara  (22,  23)  and  Kltlgawa  et  al  (24) 
Indicate  some  variance  of  the  pit  morphology.  The  significance 
of  this  needs  extensive  evaluation. 

2)  Numerous  small  cracks  have  been  observed  by  Investigators  to  form 
within  the  pits.  The  transition  of  these  multlnle  cracks  within  the 
pits  to  a  mode  I  type  crack  needs  much  further  study.  An  example 
of  the  type  pit  encountered  In  steel  (21)  Is  shown  In  figure  8. 

3)  Statistical  aspects  of  pit  formation  must  be  dealt  with  more 
extensively.  Kltlgawa  (24)  has  approached  this  problem  to 
some  extent. 

4)  In  the  model  use  1$  made  of  the  fatigue  crack  growth  threshold 
determined  by  testing  either  compact  tension  or  modified  wedge 
opening  loading  specimens  according  to  the  ASTM  practise.  This 
Is  an  expensive  and  time  consuming  procedure  but  must  be  done 
since  the  threshold  of  mode  1  crack  growth  Is  a  critical  parameter 
In  the  model.  Cox(20)  conducted  tests  on  2124-T851  In  lab  air  and 
salt  water.  His  results  Indicated  a  shift  In  threshold  as  shown  In 
Figure  9.  He  determined  the  fatigue-crack  growth  threshold  by 
fitting  a  Welbul  survivorship  function  (16)  to  the  data  determined 
(Indicated  by  the  solid  lines  In  Figure  9)  and  extrapolating  to 
obtain  the  threshold  as  Indicated  by  the  equation  below: 


KI(th)s  Mode  1  Fatigue  Crack  Growth  Threshold 
KI(th)=Klb 


1-exp.  [- 

)k] 

L  V 

v-e 

/  J 

e  =  0,  KI(th)  =  0 

e<°,  KI(th)*0 


•-Threshold  Parameter 
v-Characterletlc  Value 
k-Shape  Parameter 


from  test  data 


Establish  Kj(th) from  data  on  the  material  for  the 
conditions  of  interest 


The  fit  of  the  function  Is  critically  dependent  on  the  amount  of  data 
obtained  In  the  environment  over  the  full  range  of  Interest.  Data 
are  critically  needed  In  the  threshold  regime  and  upper  Instability 
regime.  These  data  do  not  exist  to  any  really  useful  extent  and  this 
Is  a  critical  need. 

5)  The  use  of  threshold  data  determined  from  CT  or  Mod  WOL  specimens  needs 
to  be  compared  from  threshold  data  using  preexisting  cracks  of  the  order 
of  the  pit  -  mode  I  transition  crack  size.  (Many  would  refer  to  these 
as  "small  cracks".) 

To  date  the  use  of  this  fracture  mechanics  model  of  corrosion  fatigue  has  been  encouraging 
with  respect  to  the  experimental  verification.  Furthermore  It  provides  guidance  and  direction. 

Much  greater  emphasis  probably  should  be  given  to  this  area  best,  as  Anderson  (14)  suggested,  we 
simply  "corrode  our  aircraft  away".  Additional  research  Is  underway  to  provide  additional  under¬ 
standing  of  the  challenge.  Similar  concepts  have  been  applied  to  fretting  fatigue.  This  aspect 
will  be  discussed  briefly  related  to  fretting  fatigue. 

Fracture  Mechanics  Modelling  of  Fretting  Fatigue 

Fretting  fatigue  has  been  the  subject  of  a  previous  AGARD  meeting  (25)  and  much  Information 
was  provided  at  that  meeting.  Several  recent  references  on  fretting  fatigue  provide  valuable 
guidance  to  dealing  with  It  In  structural  design  (26-28).  Environmental  aspects  of  fretting  fatigue 
are  discussed  In  references  (29-32)  as  well  as  the  excellent  book  by  R.  Waterhouse  (Fretting  Corrosion). 
Numerous  researches  are  underway  that  are  attempting  to  use  similar  concepts  to  those  presented 
earlier  to  fretting.  This  Is  In  part  due  to  the  hypothesis  and  verification  of  a  fretting  fatigue 
damage  threshold  by  both  Waterhouse  and  Hoeppner  Independently. 


do/dN,  (mm/cycle) 
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FRETTING-FATIGUE 


Figure  10  -  Aspects  that  must  be  considered  In  the 
fretting  fatigue  system (32)- 
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Figure  11  -  A  conceptual  model  for  fretting  fatigue  similar 
to  the  one  for  corrosion  fatigue  (33). 
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Figure  10  presents  the  various  factors  that  must  ba  dealt  with  In  consignation  of  fratting 
fatigue  (32,  33).  In  addition,  a  concaptual  modal  has  bean  presented, to  deal  with  fratting  fatigue 
(32-34)/  The  model  Is  presented  In  Figure  11.  Reaves  (29)  and  Poon  (30)  did  extensive  experimental 
work  to  verify  this  model  and  the  success  was  encouraalng.  Recently  D.  Mann  conducted  a  brief 
experiment  to  evaluate  applicability  of  the  model  (35).  He  used  starting  discontinuities  Induced 
by  both  fretting  damage  and  corrosion  pits.  The  results  from  his  research  are  extremely  encouraging 
and  we  are  continuing  our  efforts  In  this  area. 


All  of  the  concerns  related  to  the  corrosion  fatigue  model  can  be  expressed  for  fretting 
fatigue  as  well . 


Closure 

This  paper  briefly  reviewed  the  use  of  fracture  mechanics  In  modelling  the  corrosion  fatigue 
and  fretting  fatigue  challenges.  Much  Insight  has  been  gained  In  recent  years  to  aid  this  procedure 
but  a  great  deal  remains  to  be  accomplished.  Nonetheless  the  Ideas  presented  appear  to  offer 
guidance  to  engineers  who  are  attempting  to  alleviate,  eliminate  or  modify  these  two  challenging 
failure  modes. 
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CORROSION  FATIGUE  BEHAVIOUR  OF  SOME  ALUMINIUM  ALLOYS 

by 

D.  Aliaga  and  E.  Budlllon 
Aerospatiale  ,  Laboratoira  Cantral 
12,  rua  Pasteur  92132  Suratnaa 


ABSTRACT 

Tha  praaant  atudy  daala  with  tha  •valuation  of  corrosion  fatigue  atrangth  of  aluminum  alloya  currently 
uaad  in  tha  aaronautical  induatry. 

Crack  propagation  waa  avaluatad  in  various  diffarant  environments  (dry  argon,  wat  air,  aalt  watar) .  Tha 
affact  of  fraquancy,  of  taat  specimen  thicknass,  and  of  ratio  R 

(  R  ■  )  warn  invaatigatad 

And  tha  affact  of  thaaa  varioua  environments  on  tha  anduranca  limit  at  10?  cyclaa  was  likawiaa  atudiad 
and  soma  aurfaca  protact iona  avaluatad, 

1  -  INTRODUCTION 

In  fatigua  tha  taata  carriad  out  at  tha  laboratory  ara  not  always  rapraaantativa  of  tha  raal  conditions 
ancountarad  in  sarvica.  In  particular  tha  affact  of  tha  environment  which  can  ba  considerable  ahould  not  be 
neglected  at  structure  design  laval.  To  this  and  tha  intent  of  tha  praaant  survey  is  to  coaipare  tha  response 
in  fatigua  of  varioua  aluminum  alloys  uaad  in  tha  aeronautical  construction. 

Tha  anvironmanta  studied  ara  tha  following  :  dry  argon,  wat  air  and  aalt-watar.  They  wars  retained  so 
as  to  simulate  and  amplify  tha  mora  or  lass  aggressive  nature  of  these  environments  in  which  aircraft  can 
find  themselves  both  on  tha  ground  or  in  tha  air.  In  thia  survey  tha  two  tajor  aspects  of  corrosion  fatigua 
namely  crack  initiation  and  crack  propagation  vara  studied  with  an  emphasis  on  in-service  behaviour. 

Tha  importance  of  tha  corrosion  fatigua  phenomenon  has  been  avaluatad  in  varioua  alloys.  As  far  as  crack 
propagation  was  concerned  tha  environmental  affect  on  tha  Paris  law  has  baan  identified  for  rates  ranging 
from  10~4  to  10“  2  mn/cycle.  But  on  tha  contrary,  tha  theoretical  aspects  of  those  mechanisms  involved  in 
corrosion  fatigua  have  not  been  atudiad.  As  far  as  crack  initiation  is  concerned  some  aurfaca  treatments  and 
protections  currantly  uaad  in  aeronautics  have  baan  examined  in  varioua  environmental  conditions. 

2  -  MATERIALS  AND  EXPERIMENTAL  PROCEDURES 

To  atudy  crack  propagation  typa  2024,  2214,  2618,  6061,  7175,  7575,  7050  alloys  have  baan  avaluatad  with 
an  emphasis  in  type  2618  A  and  7175  alloya.  To  atudy  crack  Initiations  tha  two  last  alloya  only  ware  examined 
under  the  following  test  conditlone  : 

-  without  surface  treatment, 

-  with  chromic  acid  anodising, 

-  with  an  aircraft  type  protection 

2.1-  Materials  studied 

The  materials  and  semi-finished  products  we  studied  are  given  in  tha  following  table  : 
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2.2  -  Taat  apaclma n« 

To  study  crack  propagation!  two  diffarant  typai  of  taat  specimens  with  dlffarant  thicknataaa  hava  baan 
ratalnad  to  avaluata  tha  possible  affact  of  thia  parameter  on  thair  bahaviour  i 

-  a  compact  tanaion  specimen  (CT,  73  nm  wide  10  ni  thlci ) 

-  cantar  crack  tanaion  apacinan  (CCT,  600  x  200,  1.6  mm  thick) 

Crack  Initiation  haa  baan  atudiad  in  "Moors"  typa  specimens  takan  from  tha  tranavaraa  diractlon  using  a  con- 
vantional  rotating-banding  machine  and  aftar  having  racaivad  tha  varioua  following  turf. tea  treatments  1 

A-  aa  aachinad  (no  protaction) 

B-  alochroaa  (Alodina  1200)  and  a  paint  coat  (Airbus  typa) 

C-  chronic  acid  anodising  (aaa  appendix  for  datailad  procata) 

D-  chrcaic  acid  anodising  plus  shot  paaning 

2.3  -  Methods  and  taat  condition! 

Tha  taat  aat-upa  ara  shown  in  appendix.  Tha  taat  enclosure  is  made  of  plaxiglaas  and  tha  aaaaably  aaaling 
is  ensured  by  plastic  seals  bonded  In-batween  tha  ancloaura  and  tha  taat  apacinan.  During  crack  propagation, 
tha  naasuranent  of  crack  length  la  carried  out  with  tha  help  of  gagas  bonded  to  tha  CCT  spacinana  and  visual¬ 
ly  with  an  hand  magnifying  glass  on  tha  CT  spacinana. 

In  rotating-banding  teats  anduranca  Units  ware  determined  at  10?  cycles  by  tha  so-called  "staircase 
nethod"  each  increment  being  of  10  MPa  ;  IS  taat  spacinana  ware  used  for  each  limit.  Because  of  tha  nunber  of 
cycles  which  is  relatively  high  (107)  it  haa  baan  decided  to  consider  negligible  tha  ratio  existing  between 
propagation  rata  cycle  number  and  life  duration,  consequently  tha  endurance  limit  so  noted  la  noat  typical 
of  crack  initiation  status.  Tests  ware  carried  out  at  a  frequency  of  50  Hs  which  corresponds  to  exposure 
periods  of  about  36  hours. 

Tha  three  different  environments  which  wa  studied  are  as  follows  : 

-  Dry  anon  -  The  composition  of  which  is  as  follows  : 

A  99.995  X 

02  S  ppm 

H2O  5  ppm 

N2  40  ppm 

The  argon  flow  into  the  test  cell  was  2  1/min. 

-  Wat  air  -  The  production  of  water  vapor  was  obtainsd  by  bubbling  compressed  air  through  water.  An  hygro¬ 
meter  was  used  to  control  tha  relative  humidity  into  the  call  which  should  range  from  85  to  95  X  during 
teat. 

-  Salt-water  -  Tha  solution  used  (typa  A3)  contained  par  liter  of  demineralised  water  : 

30  g  NaCl  Sodium  chloride 

0. 19  g  Disodium  phosphate 
1.25  g  Boric  acid 

The  solution  pH  was  adjusted  to  8  with  sodium  carbonate.  Tha  solution  has  been  changed  as  soon  as  the  pH 
value  was  no  more  meeting  the  adequate  requirement. 

3  -  TEST  RESULTS 

All  the  results  are  shown  in  Fig.  1  to  20  for  crack  propagation  and  in  Fig  21  for  crack  initiation. 

3.1-  Crack  propagation 
2618  AT  851  Alloy 

-  Effect  of  environment 

Fig.  4  shows  that  propagation  rates  are  quite  similar  in  both  salt-water  and  wet  air.  On  the  contrary  there  is 
a  significant  deviation  between  the  above  rates  and  rates  measured  in  dry  argon.  It  should  be  noted  moreover 
that  said  deviation  is  the  more  important, the  propagation  rates  are  lower  and  ratio  R  is  lower. 

-  Effect  of  test  frequency 

The  effect  of  test  frequency  was  evaluated  between  0.1  and  25  Hs  in  three  different  environments.  The  re¬ 
sults  are  shown  in  Fig,  10,11  and  12.  It  appeared  that  for  this  alloy  the  teat  frequency  has  little  effect. 

-  Effect  of  test  specimen  thickness 

No  particular  effect  appeared  to  be  entailed  by  specimen  thickness  for  tests  conducted  with  R  ■  0.01.  Con¬ 
versely  where  R  is  greater  (for  example  R  *0.5)  propagation  rates  appeared  to  be  higher  in  CCT  specimens 
1.6iim  thick  (see  Fig.  1,  2  and  3). 
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7175  T  7351  Alloy 

-  Effect  of  the  environment 

Fig.  8  and  9  show  that  in  this  alloy  the  effect  of  the  environment  is  considerable.  Between  in  and  15  MPaVm" 
rates  recorded  in  salt  water  are  5  to  10  times  more  important  than  in  argon.  In-between  these  2  environments 
wet  air  produces  intermediate  rates.  The  same  comment  applies  as  for  2618  A  :  the  effect  of  the  environment 
is  the  more  important, the  propagation  rates  are  lower  and  ratio  R  value  is  lower.  However  the  effect  is  much 
more  important  on  alloy  7075  than  on  2618. 

-  Effect  of  test  frequency 

The  effect  of  test  frequency  is  most  marked  in  salt  water  between  1  and  25  Ha.  (see  Fig  15).  But  it  is  rela¬ 
tively  low  in  wet  air  and  practically  nil  in  dry  argon  (see  fig.  13  and  14).  The  effect  of  teat  frequency 
between  25  and  1  He  shows  that  these  mechanisms  generated  by  corrosion  fatigue  have  little  effect  at  25  Hs. 

-  Effect  of  test  specimen  thickness 

Just  as  for  alloy  2618  A,  it  appeared  that  test  specimen  thickness  has  a  slight  effect  when  R  »  0.5  and 
when  propagation  rates  are  low  (see  Fig.  6  and  7). 

2024  T  351  and  2214  T  351  alloys 

The  results  shown  in  fig,  16  and  17  demonstrate  that  there  is  no  marked  effect  of  the  environment  on 
these  alloys.  The  alight  difference  noted  at  low  rates  between  the  argon  and  A3  solution  (see  Fig  17)  is 
in  line  with  the  consents  made  on  alloy  2618  A. 

7050  T  73651  and  7475  T  7351  alloys 

The  results  show  (fig. 19  and  20)  that  these  alloys  are  sensitive  to  the  environment.  They  both  have  an 
almost  similar  behaviour  to  that  of  alloy  7175.  The  effect  of  salt  water  is  the  less  important,the  propa¬ 
gation  rates  are  higher. 

6061  T6  Alloy 

Fig.  18  shows  that  this  alloy  has  a  sensitivity  to  environments  which  is  intermediate  to  that  of  the 
2000  and  7000  series  alloys. 

—  Conclusions  —  In  general  as  far  as  crack  propagation  is  concerned,  the  environment  can  have 
a  substantIal-e??ect”on  material  behaviour,  the  more  aggresive  being  salt  water  and  to  a  lesser  degree  wet 
air.  The  alloys  belonging  to  the  2000  series  (2024,  2618A,  2214)  are  less  sensitive  and  have  a  common  res¬ 
ponse  ;  in  other  words  they  are  sensitive  to  the  environment  when  AK  is  greater  than  20  MPaVm.  Conversely, 
at  '.5  MPa  Vm  crack  propagation  rates  are  multiplied  by  a  factor  5,  when  passing  from  dry  argon  to  salt  water. 
The  results  obtained  in  wet  air  are  always  very  close  to  those  obtained  in  salt  water. 

The  alloys  belonging  to  the  7000  seriee(7175,  7475,  7050)  are  much  more  sensitive  to  the  various  envi¬ 
ronments.  It  should  be  noted  however  that  the  environment  has  little  effect  when  rates  reach  10”?  mm  per 
cycle  (  AK  in  the  vicinity  of  30  to  40  MPaVm  ).  From  15  to  20  MPaVHT,  propagation  rates  are  multiplied  by 
10  when  passing  from  dry  argon  to  salt  water.  For  the  3  alloys,  the  rate  values  evaluated  in  wet  air  or  am¬ 
bient  air  are  closer  to  those  obtained  in  dry  argon  than  to  those  obtained  in  salt-water. 

3.2  -  Results  concerning  crack  initiation 

Only  specimens  from  alloys  2618  A  and  7175  were  examined.  The  results  shown  in  fig.  21  can  be  summarised 
as  follows  : 

A.  Effect  of  wet  air  and  salt-water 

While  humidity  has  no  effect  at  all  on  crack  initiation,  salt-water  on  the  contrary  can  divide  endurance 
limit  by  a  factor  of  2  to  4  depend  ng  upon  the  cade  considered.  In  wet  air  and  ambient  air  tie  two  materials 
we  examined  show  an  equivalent  fatigue  strength  but  conversely  in  ualt-water  the  endurance  limit  noted  for 
2618  A  are  always  greater  than  for  7175,  the  average  deviation  being  approximately  25  %. 

B.  Effect  of  protections  and  surface  treatment 

In  an  environment  which  is  not  very  aggressive  (for  instance  humid  air  or  ambient  air)  chromic  acid  anodising 
appeared  to  decrease  by  20  X  the  fatigue  properties  of  the  materials  but  such  decrease  could  be  attenuated 
by  a  previous  shot  peening.  After  exposure  to  salt  water  the  alochrome  plus  a  paint  coat  application  prove 
to  be  the  best  way  to  decrease  substantially  the  aggressivity  of  this  environment. 

4  -  CONCLUSIONS 

To  study  crack  propagation  a  wide  range  of  aluminum  alloys  has  been  evaluated  in  various  environments  :  dry 
argon,  ambient  air,  wet  air,  salt-water.  The  results  show  that  the  2000  serie  alloy  on  one  side  and  the  7000 
series  alloys  on  the  other  side  have  different  behaviours.  For  the  2000  series  alloys  (2024,  2618,  2214)  the 
environment  has  little  effect.  At  20  MPaVm’,  crack  propagation  rates  are  identical  whatever  is  the  environ¬ 
ment.  But  on  the  contrary  at  15  MPaVm",  rates  are  approximately  by  5  times  higher  in  salt-water  than  in  dry 
argon.  The  7000  series  alloys  (7475,  7175,  7550)  are  more  sensitive  than  the  above  alloys  to  environmental 
effects.  When  factor  K  amplitude  varies  from  15  to  20  MPaVm",  rates  are  10  times  higher  in  salt  water  than 
in  argon. 

To  study  crack  initiation, endurance  limits  at  10?  cycles  have  been  evsluated  at  a  frequency  of  50  Hr, 
which  corresponds  to  an  exposure  time  of  56  hours  to  the  environment.  Here  again,  the  sensitivity  of  the 
7175  T  3351  alloy  to  salt  water  is  greater  than  that  of  2618  A-YSBl.  Among  the  various  protections  which 
have  been  assessed  the  application  of  alodine  (alochrome)  plus  a  paint  coat  appeared  to  be  the  most  effective. 
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APPENDIX 


-  Chromi^Aci^Anod^sinj 

The  surface  treatment  consists  in  the  following 
process  : 

.  Degreasing  with  trichlorethylene  vapor, 

.  Pickling,  Composition  :  Na2C03  :  44.5  g/1 

Na3P04  !  18.6  g/1 

Duration  :  5  minutes 
Temperature  :  60“ C 

.  Rinsing  in  tap  water  :  5  minutes 
Sulfochromic  etching 

.  Composition  :  Cr03  !  46.6  g/1 

H2SO4  free  :  263.1  g/1 
H2SO4  combined  :  39.2  g/1 

.  Duration  :  25  minutes 
.  Temperature  :  63“C 
.  Rinsing  in  tap  water  :  3  minutes. 

Chromic  Acid  Anodizing 

.  Bath  composition  :  Cr03  free  40.5  g/i 
Cr03  total  56.5  g/1 

.  Cycle  :  Bengough 
.  Duration  :  50  minutes 
.  Temperature  :  4o“C 
.  Rinsing  in  tap  water  :  5  minutes. 

Sealing 

.  Bath  composition  i  30  mg/1  :  K2Cr207 

.  Duration  :  40  minutes 
.  Temperature  :  97“C 

Drying  :  Hot  air  oven  :  50°C 


Measurement  of  crack  propagation  in  C.T.  1 


CCT  specimen  test  set-up 


Rotating  bending  machine 


RATE  rraycydj 
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CORROSION  FATIGUE  OF  OFFSHORE  AND  SHIP-BUILDING  STEELS 


by 


Dr.-lng.  Walter  Schtltz 

Induatrieanlagen-Betriebsgesellschaf t  mbH 
Einateinstrafie  20,  8012  ottobrunn,  Germany 


SUMMARY 

The  results  of  several  test  programs  on  various  steels  are  discussed  where  in  addition 
to  realistic  variable  loads  a  corrosive  environment  was  simulated.  For  comparison,  constant 
amplitude  tests  were  also  carried  out  as  well  as  test  in  air.  It  is  shown  that  under  con¬ 
stant  amplitude  loading  the  damaging  effect  of  corrosion  was  always  greater  than  under 
realistic  loading.  In  addition,  test  frequency  appears  to  be  not  so  Important  as  in  con¬ 
stant  amplitude  test;  this  means  that  tests  under  variable  amplitude  can  be  carried  out 
at  normal  test  frequencies  of  the  order  of  10  Hz,  saving  time  and  costs.  Finally  the 
results  of  a  research  program  on  welded  tubular  joints  in  seawater  are  described  in  which 
the  above  conclusions  were  incorporated. 


1 .  INTRODUCTION 

The  service  fatigue  loads  of  most  structures  are  a  complex  mixture  of  stochastically 
and  deterministically  variable  stresses,  Figure  1. 

It  has  been  known  for  many  years  /I  -  18/  -  at  least  in  the  aircraft  fatigue  community 
-  that  to  get  realistic  results  you  have  to  do  realistic  fatigue  tests.  This  means  a  quite 
accurate  simulation  of  the  actual  load  sequence;  for  aircraft  this  means  flight-by-flight 
tests. 

This  is  the  state-of-the-art  in  many  laboratories  in  the  western  countries;  the  servo- 
hydraulic  machines  (including  computer  control)  required  for  such  tests  are  available,  as 
well  as  the  necessary  expertise;  a  large  number  of  test  programs,  most  of  them  for  aircraft 
purposes,  have  been  reported  in  the  literature  /9  -  40/.  This  is  true  at  least  for  tests 
in  a  laboratory  atmosphere;  as  soon  as  additional  environmental  effects  are  considered  - 
be  they  temperature  or  corrosion  or  both  -  the  problems  become  considerably  more  complex 
and  very  few  data  are  available;  In  the  case  of  elevated  temperatures  the  well  known 
"Concorde"  -  and  SST-programs  have  resulted  in  some  very  complex  tests  and  interesting 
results  /25,  26,  38,  39/. 

In  the  case  of  marine  corrosion  the  author  is  aware  of  very  few  papers,  in  which  a 
seawater  environment  was  superimposed  on  a  realistic  load  sequence.  The  bulk  of  the  corr¬ 
osion  fatigue  tests  on  materials  and  components  (including  those  for  aircraft  purposes) 
available  today  consists  of  constant  amplitude  tests;  thus  the  load  sequence  applied  was 
not  realistic,  and  usually,  neither  was  the  effect  of  the  environment  realistically 
simulated,  because  of  too  short  testing  times. 


2.  PROBLEMS  IN  CORROSION  FATIGUE  TESTING 

More  than  any  other  fatigue  test,  a  corrosion  fatigue  test  is  a  compromise.  Figure  2 
shows  the  main  parameters  which  have  to  be  accounted  for.  Obviously  it  is  not  possible  to 
simulate  all  of  them  realistically;  therefore  the  first  problem  of  the  researcher  is  where 
to  put  the  main  emphasis  of  the  test.  If  he  considers  corrosion  fatigue  to  be  "just  another 
type  of  corrosion"  he  will  opt  for  the  "corrosion"  parameters  (enumerated  in  the  left 
column,  Figure  2)  and  more  or  less  neglect  the  others  shown  in  the  right  column.  Thus  his 
preferred  test  will  most  probably  be  a  constant  amplitude  test  at  low  frequency  but  high 
stresses  in  order  to  arrive  at  practical  testing  times. 

If  the  researcher  considers  corrosion  fatigue  as  "just  another  type  of  fatigue"  he 
will  try  to  simulate  the  "stress"  side  of  the  parameters  (right  hand  column  in  Figure  2) . 

But  he  will  then  have  to  use  an  increased,  unrealistic  test  frequency  in  order  to  arrive 
at  practical  test  times.  In  both  cases  one  parameter  cannot  be  realistically  simulated  and 
that  is  the  time  in  the  environment. 

As  mentioned  in  the  introduction,  most  tests  up  to  now  have  been  of  the  first  category. 
For  example,  in  the  1978  seminar  on  the  large  cooperative  offshore  steels  research  program 
of  the  European  Coal  and  Steel  Community  /41/  only  two  papers  contain  random  teBts  in  sea¬ 
water,  while  in  fourteen  papers  constant  amplitude  tests  are  described.  Another  example: 

None  of  the  many  reports  in  the  annual  Offshore  Technology  Conferences  in  Houston  from 
1970  to  1975  are  on  corrosion  fatigue  tests  with  realistic  load  sequences. 
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3 .  TEST  PROGRAMS 

In  1970  the  author's  firm  was  asked  to  carry  out  comparative  fatigue  testa  on  two 
different  amagnetic  steels  to  be  used  for  special  purpose  ships.  The  tests  in  air  will 
not  be  reported  on  in  any  detail  here,  except  to  say  that  SN-tests  as  well  as  8-step 
program  tests  with  two  different  spectra  (straight-line  distribution  simulating  a  wave 
spectrum  and  Normal  distribution)  were  performed  in  large  numbers  on  the  three  different 
specimen  types  shown  in  Figures  3  to  5. 

The  two  steels  are  characterised  in  Table  1.  As  will  be  noted,  the  steel  PN  18  So  2 
was  of  the  stainless  type,  the  other  steel  was  a  chronium-free  manganese  type.  Both  have 
similar  tensile  strengths  (quite  high  for  ship  structural  steels)  and  a  large  difference 
between  the  0.2  percent  yield  strength  and  the  tensile  strength. 

Using  the  same  materials  and  specimen  types  corrosion  fatigue  tests  were  carried  out 
in  1971,  the  results  of  which  will  be  described  in  somewhat  more  detail,  as  they  sub¬ 
stantially  influenced  all  subsequent  corrosion  fatigue  tests  carried  out  by  the  author. 
Again,  the  two  different  load  spectra  mentioned  above  and  shown  in  Figures  6  and  7  were 
employed.  The  straight  line  distribution  will  be  called  G.V. ,  the  Normal  distribution 
N.V.  in  subsequent  figures.  It  was  desired  to  simulate  30  years  of  navy  service  in  these 
tests,  corresponding  to  about  10°  cycles.  Therefore  the  tests  under  the  straight  line 
distribution  were  extended  to  more  than  5  •  10'  cycles)  the  time  the  specimens  spent  in 
the  corrosive  environment  at  this  number  of  cycles  was  IIS  to  145  hours.  In  addition  the 
SN-curves  for  the  three  specimens  were  determined  from  about  105  to  10'  cycles.  Because 
of  the  lower  number  of  cycles  to  failure  and  the  much  higher  test  frequencies  (see  below) 
the  maximum  time  the  constant  amplitude  specimens  spent  in  the  corrosive  environment  was 
only  16,5  to  18,5  hours.  The  SN-tests  will  be  called  E.V.  in  subsequent  figures. 

Two  different  types  of  test  machines  were  employed!  For  the  SN-tests  an  Amsler 
Vibrophore,  running  at  about  120  -  160  Hz,  for  the  program  tests  Schenck  resonance 
machines  running  at  about  50  Hz  in  the  resonance  mode  and  at  about  1  Hz  in  the  mechanical 
mode  (necessary  for  steps  1  to  4  or  5  of  the  programs  shown  in  Figures  6  and  7). 

Artificial  seawater  according  to  DIN  50900  was  used  as  corrosion  agent)  its  pH-value 
was  constant  at  7,2  ±  0,3,  its  temperature  at  15  ±  1°  C.  The  water  level  was  intermittently 
raised  and  lowered)  at  the  low  water  level  the  salt  deposit  on  the  specimen  was  dried  by 
the  same  air  jet  which  at  the  high  water  level  saturated  the  saltwater  with  oxygen.  The 
specimens  were  also  precorroded  for  one  hundred  hours  in  a  salt  spray  chamber  at  25°  C. 

The  results  are  summarized  in  Figure  8: 

-  The  damaging  effect  of  the  artificial  seawater  was  much  greater  in  constant  amplitude 
tests  than  in  program  tests  for  both  steels  and  for  all  three  specimen  types.  This 
despite  the  fact  that  the  time  in  the  corrosive  environment  was  from  three  times  to 
about  eight  times  longer  in  the  program  tests  than  in  the  constant  amplitude  tests, 
as  shown  in  Figure  8. 

In  the  case  of  the  stainless  steel  no  damage  at  all  was  done  by  the  corrosive  environ¬ 
ment  in  the  notched,  unwelded  condition  in  both  types  of  program  test.  However,  under 
constant  amplitudes  (E.V.  in  Figure  8)  there  was  a  pronounced  damaging  effect  even 
though  the  time  in  the  environment  was  only  about  one  eight  of  that  in  the  program 
test  (G.V.) . 

The  fatigue  strengths  in  seawater  of  the  stainless  steel  PN  18  So  2  in  both  welded 
specimen  types  on  the  average  were  no  better  than  those  of  the  non-stainless  steel 
B  967.  This  is  true  for  program  tests  and  constant  amplitude  tests  and  can  be  des¬ 
cribed  to  the  well  known  chromium  depletion  due  to  welding. 

•7 

However,  the  SN-curve  of  B  967  had  a  quite  steep  slope  up  to  and  beyound  10  cycles, 
while  the  slope  of  the  SN-curve  of  the  stainlass  steel  decreased  beyond  about  10°  cycle, 
see  Figure  9.  That  is  the  fatigue  limit  in  seawater  was  not  reached  at  10?  cycles  for 
the  non-stainless  steel  -  if  it  exists  at  all  -  while  for  the  stainless  steel  it  was 
at  least  approached  at  that  number  of  cycles,  see  Figure  9. 

The  percentage  of  the  fatigue  life  to  failure  spent  in  crack  propagation  was  larger 
in  the  corrosive  environment  than  in  air  for  the  program  tests. 

-  Miner's  rule  predicted  the  fatigue  life  under  corrosion  reasonably  well  -  at  least 
better  than  the  life  in  air,  see  Figure  10. 

These  admittedly  unexpected  results  were  discussed  with  many  fatigue  and  corrosion 
experts.  No  convincing  explanation  for  the  less  damaging  effect  of  corrosion  under  pro¬ 
gram  loading  inspite  of  longer  times  in  the  environment  was  ound.  However,  if  one  assumes 
that  the  residual  compressive  stresses  set  upt  by  the  high  stress  cycles  of  the  program 
test  are  more  beneficial  under  corrosion  than  in  air,  most  of  the  results  can  be  explained, 
at  least  qualitatively)  fj^c  example;  In  the  notched  specimen  with  a  Kt  ■  3,6  there  was 
a  damaging  effect  of  seawater  corrosion  to  the  stainless  steel  in  constant  amplitudes. 

Local  stresses  at  the  root  of  the  notch  are  below  the  yield  strength.  Under  program 
loading,  the  peak  loads  of  the  spectrum  result  in  local  strains  far  above  yield  (at  the 
notch  root),  see  Figure  8)  thus,  residual  compressive  stresses  are  set  up,  counteracting 
the  damaging  effect  of  corrosion,  which  is  present  in  the  constant  amplitude  tests)  thus 
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residual  compressive  atraaaaa  are  aat  up,  counteracting  the  damaging  affect  of  oorroeion, 
which  ia  preaent  in  the  conatant  amplitude  taatai  thua  the  end  reault  of  the  aynergiatic 
effecta  of  variable  amplitudea  and  corroaion  ia  aero  additional  damage  due  to  corroaion. 

The  geometrical  atreaa  concentration  factor  of  the  longitudinal  atiffener  waa 
measured  by  atrain  gagea  to  be  Kt  -  1 , 7 »  thia  alone  ia  not  aufficiently  high  to  exceed, 
under  the  maximum  loada  of  the  apectrum,the  yield  atrength  locally,  However,  in  welded 
jointa  reaidual  tenaile  atreaaea  are  alwaya  preaent  and  it  can  therefore  be  aaaumed  that 
these,  together  with  the  local  atreaaea  due  to  the  external  loada,  exceeded  the  yield 
strength. 

Several  objections  can  be  raised  against  the  test  program  described  above* 

-  Different  frequencies  were  used  in  constant  and  variable  amplitude  tests. 

-  The  variable  amplitude  teat  was  of  a  blocked,  not  a  random  sequence. 

-  The  test  frequencies  were  (too)  high. 

A  new  test  program  was  therefore  carried  out  in  1977  -  1978  in  which  the  above 
objections  were  taken  into  account  as  far  as  possible* 

-  The  test  frequencies  in  constant  and  variable  amplitude  testa  were  equal  at  S  Ha  under 
corrosion  and  at  20  Hz  in  air.  This  resulted  in  equal  times  in  the  corrosive  environ¬ 
ment  at  equal  numbers  of  cycles  to  failure.  The  tests  were  extended  to  about  5  .10® 
cycles  in  both  constant  and  variable  amplitude  tests,  giving  a  maximum  of  about 

250  hours  A  11  days  in  the  corrosive  environment. 

-  The  standardised  random  sequence  developed  by  the  LBF  and  the  IABG  /43/  was  employed, 
resulting  a  Normal  distribution*  the  irregularity  factor  J  ■  N0/N^  ■  0,99  was  used. 
Figure  11  shows  an  example  of  the  load  sequence. 

To  make  the  corrosive  environment  more  severe  artificial  seawater  according  to 
ASTM-D-1 141  was  used,  but  with  a  tripled  NaCl  content.  The  temperature  was  controlled  at 
15  +  1,0°  C,  the  pH-value  however,  was  8,1  +  0,1*  oxygen  saturation  was  obtained  by 
bubbling  air  through  the  water*  the  specimens  were  kept  constantly  immersed.  Notched  and 
longitudinal  stiffener  specimens  according  to  Figures  3  and  4  were  used. 

Instead  of  the  amagnetic  non-stainless  steel  B  967  a  so-called  "high  strength 
structural  ship  steel"  D  36  was  used,  which  had  a  tensile  strength  of  580  N/mm2  and  a 
0.2  percent  yield  strength  of  440  N/mm2. 

The  quantitative  results  of  this  investigation  are  still  proprietary,  but  some 
qualitative  results  can  be  disclosed* 

Again  the  corrosive  environment  was  far  more  damaging  under  constant  amplitude 
loading  than  under  realistic  loading  for  both  steels  and  for  both  specimen  types. 

Alto,  in  the  welded  specimens  the  damaging  effect  of  corrosion  was  more  pronounced 
in  both  steels  than  in  the  notched  specimens. 

-  The  random  tests  gave  shorter  lives  than  the  blocked  program  tests.  This  was  true 
under  corrosion  -  where  it  might  be  ascribed  to  the  more  severe  corrosion  conditions 
-  but  also  in  air. 

Miner's  rule  again  predicted  the  fatigue  life  in  the  corrosive  environment  slightly 
better,  that  is  with  a  smaller  scatter  than  in  air,  but  6  out  of  8  predictions  were 
unconservative,  see  Figure  12. 

In  the  welded  condition,  both  steels  showed  very  similar  fatigue  behavior  in  seawater. 

Thus,  the  conclusions  from  the  early  test  program  were  completely  confirmed. 

A  large  cooperative  research  program  on  the  corrosion  fatigue  strength  of  offshore 
steels  has  been  underway  for  about  three  years  for  the  European  Community  of  Steel  and 
Coal  (ECSC) ;  first  results  were  presented  in  1978  at  a  meeting  in  Cambridge  /41/.  Although 
most  of  the  data  obtained  are  for  constant  amplitude  loading,  the  two  German  laboratories 
taking  part  -  LBF  and  IABG  -  in  view  of  the  experience  described  above,  decided  to  do 
random  tests.  The  results  are  again  proprietary,  but  some  general  remarks  may  be  made: 

There  was  no  significant  influence  of  test  frequency  -  be  it  10  Hz  or  1  Hz  -  in  the 

random  tests,  although  the  longest  time  in  the  environment  was  about  30  days.  This 

has  been  proved  by  about  30  tests,  both  at  the  LBF  and  at  the  IABG  with  several 
different  steels.  A  very  few  tests  were  even  carried  out  at  0.2  Hz  by  the  LBF,  in 

which  the  specimen  spent  more  than  100  days  in  seawater.  There  was  no  statistically 

significant  influence  of  test  frequency,  meaning  that  the  number  of  cycles  to  failure 
was  very  similar  at  the  identical  stress  levels  for  test  frequencies  of  10  Hz  or 
0.2  Hz,  see  Figure  12  /44/,  although  the  time  spent  in  the  environment  was  about 
50  times  longer  at  the  lower  frequency. 
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-  The  additional  damage  cauaed  by  seawater  waa  quite  amall  in  the  random  testa;  judging 
from  the  conatant  amplitude  reaulti  of  other  participating  laboratories  it  ia  bigger 
in  constant  amplitude  teats. 

In  view  of  the  above  results  from  hundreds  of  fatigue  testa  on  many  different  steels, 
it  was  decided  to  carry  out  teats  on  welded  tubular  joints  accordingly.  These  tests  will 
now  be  described:  The  necessary  data  for  the  simulation  of  a  realistic  load  sequence  were 
obtained  for  us  by  the  German  Lloyd  from  one  year's  measurement  on  the  German  research 
platform  "Nordsee". 

Each  sea  state  from  1  to  12  results  approximately  in  a  Gaussian  distribution.  This 
is  known  from  many  measurements.  The  sequence  of  these  Gaussian  distributions  of  differ¬ 
ent  intensities  and  frequencies  results,  over  a  long  enough  time  in  a  straight  line 
distribution,  as  the  sea  conditions  can  change  from  the  momentary  state  only  to  the  next 
higher  or  lower  state,  i.e.  from  six  to  five  or  seven,  the  load  sequence  was  programmed 
accordingly.  It  became  apparent  from  the  measurement  that  bad  weather  occurs  mainly  during 
autumn  and  winter;  that  is,  bad  high  sea  states  are  not  distributed  statistically  over 
the  whole  year.  Again,  this  fact  was  Incorporated  in  the  load  sequence.  A  return  period 
of  one  year  was  choosen,  because  on  the  average  the  weather  will  repeat  itself  every  year. 
In  order  to  save  test  time  and  costs,  sea  states  one  to  three  were  left  out  because  it 
was  assumed  that  the  corresponding  low  stresses  would  not  contribute  to  the  fatigue 
damage.  The  welded  joints  were  intermittently  immersed  in  artificial  seawater  according 
to  ASTM,  whose  pH-value,  temperature  and  oxygen  contents  were  controlled. 

The  stress  level  -  one  of  the  important  parameters  according  to  Figure  2  -  was  set 
so  that  first  cracks  would  start  after  5  to  10  return  periods,  that  is  after  5  to  10 
simulated  years  of  service.  At  the  test  frequencies  used,  this  means  a  test  time  of 
between  three  and  six  weeks  per  tubular  joint.  The  occurence  of  the  crack  was  noted,  as 
well  as  its  propagation  behavior,  in  order  to  obtain  the  basic  data  needed  for  a  crack 
propagation  calculation  using  fracture  mechanics. 

The  specimens  were  welded  tubular  Y-joints,  see  Figure  14  and  15,  consisting  of  a 
large  tube  of  about  400  mm  diameter  and  a  brace  of  about  270  mm  diameter.  The  material 
for  two  thirds  of  the  specimens  was  mild  steel  TT  St  35.11;  one  third  of  the  specimens 
was  fabricated  from  the  higher  strength  steel  F  36  (yield  strength  360  N/mm*) .  8  of  the 
specimens  were  stressed  by  axial  load  in  the  brace,  1 6  by  bending. 

Qualitatively,  the  results  of  our  tests  can  be  described  as  follows: 

-  The  yield  strength  of  the  materials  does  not  influence  the  results;  this  was  to  be 
expected,  since  the  welded  tubular  joint  is  a  severly  notched  member  with  a  weld  in 
the  most  highly  stressed  region. 

-  The  crack  propagation  curve  is  highly  irregular,  see  Figure  16  and  17,  and  does  not 
follow  the  well  known  "regular"  shape  one  is  accustomed  to.  Sometimes  the  crack,  as 
measured  on  the  surface,  just  stops  for  more  than  one  return  period,  corresponding 
to  one  million  cycles;  it  then  sometimes  accelerated  to  very  high  crack  propagation 
rates,  only  to  return  to  a  more  normal  shape  again.  At  the  moment  no  convincing 
explanation  can  be  given  for  this  behavior. 

-  Also,  there  is  no  direct  correlation  between  stress  level  and  propagation  rate;  that 
is,  a  higher  stress  level  does  not  automatically  result  in  a  faster  crack  propagation 
rate.  Obviously  this  is  a  consequence  of  the  very  high  scatter  in  the  crack  initiation 
as  well  as  crack  propagation  phases. 

-  A  further  complication  is  the  fact  that  a  long  crack  initiation  period  does  not  auto¬ 
matically  guarantee  slow  crack  propagation.  On  the  contrary,  these  are  cases  where 
the  crack  starts  very  early  and  then  propagates  slowly;  there  is  also  the  reserve 
case  where  it  starts  very  late  and  propagates  quickly. 

All  this  obviously  will  make  the  calculation  of  crack  propagation  very  difficult. 


CONCLUSIONS 

(It  will  be  understood  that  the  following  conclusions  are  based  on  results  from 
many  different  steels  and  on  many  hundred  fatigue  tests  in  seawater.) 

In  a  corrosion  fatigue  test  it  is  absolutely  essential  -  more  so  than  in  any  other 
fatigue  test  -  to  simulate  the  load  sequence  as  closely  as  possible.  If  at  all  possible 
the  stress  levels  should  not  be  increased  above  those  occuring  in  the  actual  structure. 

-  Test  frequency  is  a  second  order  effect,  if  the  sequence  is  realistic.  It  is  far  better 
to  simulate  the  sequence  and  the  stress  level  correctly  and  run  the  test  at  an  unreal¬ 
istically  high  frequency  than  vice  versa. 

-  The  time  in  the  environment  also  is  a  second  order  effect. 
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The  effect  of  corrosion  is  quite  small  in  random  tests  and  is  much  less  than  in 
constant  amplitude  tests. 

Further  investigations  are  urgently  required,  especially  at  large  numbers  of 
cycles  to  failure. 
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FIGURE  6:  8  Step  Test  with  Normal  Distribution 
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VARIABLE  AMPLITUDE  CORROSION  FATIGUE  BEHAVIOR 
OF  A  LOW  CARBON  STEEL 

R.  Gtlrbtiz  and  M.  Doruk 

Mlddla  East  Technical  University*  Ankara*  Turkey 

SUMMARY 

The  results  of  an  experimental  study  designed  to  determine  the  general  characteristics 
of  salt  water-enhanced  fatigue  crack  growth  under  conditions  of  variable  amplitude  loading 
are  presented  in  this  paper.  The  material  used  was  a  sheet  of  0.22  percent  carbon  steal. 

The  tests  were  done  on  13  mm  thick  CT  specimens  in  L-orientation.  The  crack  mouth  opening 
displacement  on  the  loading  line  (C(M)OD)  was  varied  at  a  constant  rate*  whereby  the  stress 
intensity  factor  varied  between  zero  and  the  maximum  value  to  C(M^OD.  Negative  stress  ratios 
were  eliminated  by  means  of  a  special  control.  Comparison  crack  growth  data  were  obtained 
by  the  more  conventional  constant  load  amplitude  or  K-increasing  method  and  also  under 
decreasing  load  amplitude.  The  crack  growth  rates  were  compared  with  reference  data  measured 
in  the  laboratory  air.  It  was  found  that  the  rates  of  crack-growth  measured  at  three  dif¬ 
ferent  rates  of  displacement  do  not  agree.  However  from  the  shift  of  curves  on  decreasing 
the  rate  it  is  concluded  that  the  growth  rate  curves  would  tend  to  become  stationary. 

INTRODUCTION 

The  engineering  approach  to  fatigue  crack  growth  has  dealt  with  methods  of  evaluating 
the  crack  growth  rate  as  a  function  of  stress  or  strain  cycling.  The  stress  intensity  fac¬ 
tor,  K,  has  been  used  successfully  to  describe  the  crack  propagation  behavior  particularly 
in  high  and  medium  strength  materials.  Although  the  majority  of  data  has  been  obtained  by 
the  more  conventional  constant  load  amplitude  or  K-increasing  method*  some  attention  has 
been  devoted  also  to  the  constant  deflection  amplitude  and  the  decreasing  load  amplitude, 
in  which  the  stress  intensity  factor  decreases  with  increasing  crack  size.  Agreement  was 
observed  between  fatigue  crack  growth  data  from  K-increasing  and  K-decreaslng  techniques 
for  steels  tested  at  different  stress  ratios  [l,  2] . 

Variable  amplitude  fatigue  testing  would  also  be  expected  t  important  in  relation 
to  corrosion  fatigue  behavior  of  materials.  In  addition*  there  is  a  need  to  apply  to  low 
strength  materials  the  newer  fracture  mechanical  parameters  as  the  energy-line  integral 
(J-integral) ,  since  linear  elastic  fracture  mechanics  would  be  not  valid  in  the  case  of 
these  materials.  In  a  study  of  stress  corrosion  cracking  of  the  same  steel  as  used  In  the 
present  work,  the  authors  obtained  good  agreement  between  crack  growth  rate  and  tht  energy- 
rate  line  integral  [3].  The  evaluation  of  these  parameters  is  based  on  the  load-extension 
curves  recorded  under  constant  rate  of  deflection  on  the  loading  line. 

Pursuing  the  same  approach,  the  characterization  of  corrosion  fatigue  behavior  in 
terms  of  the  energy-rate  line  integral  would  require  the  measurement  of  the  load  in  depen¬ 
dence  of  displacement  amplitude,  where  the  latter  is  increased  at  a  constant  rate. 

The  present  work  was  planned  basically  to  obtain  information  on  the  effect  of  this 
type  of  test  on  the  crack  growth  behavior  of  a  low  strength  steel.  The  characterization 
of  corrosion  fatigue  behavior  in  terms  of  the  energy-rate  line  integral  will  be  the  topic 
of  future  work. 

EXPERIMENTAL  PROCEDURE 

Materials 

The  material  used  in  this  study  was  a  hot-rolled  15  mm  sheet  of  ABS  Gr.A.3701  steel 
having  a  composition  of  0.22  percent  carbon,  0.70  percent  manganese*  0.05  percent  silicon, 
0.02  percent  phosphorus,  0.03  percent  sulfur  and  0.20  percent  copper.  The  mechanical 
properties  of  this  steel  are  as  shown  in  Table  1. 


Table  1.  Tensile  properties  of  ABS  Gr.A.3701  Steel 


0.2%  Yield  Strength,  MPa 

295 

Ultimate  Tensile  Strength,  MPa 

450 

Fracture  Strength,  MPa 

390 

Elongation,  % 

29 

Reduction  in  Area,  % 

60  , 

Young's  Modulus,  MPa 

1.76  x  103 

Standard  13  mm  thick  compact  tension  (CT)  specimens  were  used  for  crack  growth  studies. 
All  the  specimens  were  precracked  under  the  action  of  haversine  fatigue  loading  of  R»0  and 
at  a  frequency  of  10  Hz.  The  load  amplitude  was  1000  Kg.  3  to  5  mm  length  fatigue  cracks 
were  obtained  for  all  of  them.  Two  wedging  edges  were  designed  to  measure  the  crack  mouth 
opening  displacement  (C(M)OD)  on  the  loading  line  by  the  attachment  of  a  clip-on  gage.  The 
crack  growth  direction  was  parallel  to  s-  e  :  ailing  direction  for  all  specimens.  Dimensions 
of  the  compact- tension  specimen  used  in  t.ixs  study  are  shown  in  Fig.l. 

Testing  Equipment 

All  tests  were  conducted  on  a  closed-loop  hydraulically  activated  servo-controlled 
testing  machine  in  the  horizontal  position.  An  optical  travelling  microscope  with  a 
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Fig.l.  Compact-tension  specimen  (ASTM  E399-72  Designation) 

sensitivity  of  0.01  mm  was  used  to  monitor  the  instantaneous  values  of  crack  length.  The 
increasing  displacement  and  the  decreasing  load  amplitude  tests  were  carried  out  with  the 
aid  of  an  electro-mechanical  scanning  device  consisting  of  a  helical  10-turn  potentiometer 
and  an  electrical  motor  with  adjustable  speed.  A  clip-on  gage  was  attached  to  the  wedge 
edges  of  the  compact  tension  specimens  to  measure  the  instantaneous  C(M)0D  values.  The  load 
vs.  displacement  or  the  load  vs.  C(M)0D  curves  were  taken  from  the  X-Y  Recorder  on  the 
testing  machine 

An  additional  part  consisting  of  a  stationary  piston  and  a  movable  cylinder  was 
designed  in  order  to  prevent  the  compressive  stresses  during  the  increasing  displacement 
amplitude  tests.  Fig. 2  shows  the  cross-sectional  view  and  location  of  the  part  in  the 
loading  train. 


Fig. 2.  The  crossectional  view  and  location  of  the  additional 
device  which  prevents  the  compressive  stresses  during 
the  increasing  displacement  amplitude  tests. 


Testing  Program 

As  shown  in  Fig. 3,  the  testing  program  consisted  of  three  sets  of  experiment!!  carried 
out  under  conditions  of  (1)  increasing  displacement  amplitude,  (2)  decreasing  loan  amplitude 
and  (3)  constant  load  amplitude.  In  all  tests  a  sinusoidal  type  of  fatigue  loading  with  a 
frequency  of  1  Hz  was  applied.  In  the  first  set  of  experiments,  the  displacement  fimplitude 
wao  Increased  gradually  from  zero  to  higher  values  at  a  constant  rate.  Three  different 
displacement  rates  (4.4J7,  2.234  and  1.340 x 10-4  mm/cycle)  were  used  in  three  experiments 
in  the  laboratory  air.  These  tests  were  then  repeated  under  the  same  conditions  but  in  a 
3.5%  NaCi  solution  at  room  temperature. 

In  the  second  set  of  experiments  two  tests  were  conducted  under  the  condition  of 
decreasing  load  amplitude  with  a  constant  rate  from  1200  Kg.,  first  in  the  laboratory  air 
and  second  in  a  3.5%  NaCl  solution  at  room  temperature.  The  load  was  decreased  at  a  rate 
of  0.0224  Kg/cycle.  The  conventional  constant  load  amplitude  fatigue  test  was  carried  out 
in  3.5%  NaCl  solutions  at  room  temperature  only.  The  ioad  amplitude  was  1200  Kg. 


i.i. 
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(a) 


Number  Of  Cycles 
(b) 


(c) 


Fig. 3.  Testing  program  of  (a)  increasing  displacement  amplitude 
(b)  decreasing  load  amplitude  and  (c)  constant  load 
amplitude  tests 

A  fourth-degree  polynomial  was  fitted  to  the  crack  length  vs.  number  of  cycles  data 
by  using  the  method  of  least  squares.  Instantaneous  crack  growth  rates ,  da/dN,  were  calcu¬ 
lated  by  taking  the  first  derivative  of  the  polynomial  with  respect  to  N. 


RESULTS 


Results  from  the  increasing  displacement  amplitude  tests  are  conveniently  presented 
in  terms  of  the  curves  shown  in  Figs . 4 , 6 , 8 , 10, 12  and  14.  The  same  curves  indicating  the 
variation  of  C(M)OD  instead  of  the  variation  of  load  range  with  number  of  cycles  were 
plotted  for  the  remaining  load  controlled  experiments  (Figs. 16, 18  and  20).  The  variation 
of  crack  growth  rate,  da/dN,  with  respect  to  the  stress  intensity  range,  AK,  is  shown  for 
each  experiment  on  logarithmic  scales  (Figs. 5, 7, 9, 11, 13, 15, 17, 19  and  21).  Data  corresponding 
to  dry  and  wet  experiments  under  the  same  conditions  were  shown  on  the  same  figures  for 
comparison  (Figs  J.1 , 13, 15  and  19).  Fig. 22  shows  the  change  in  the  crack  growth  rate  with 
increasing  rate  of  displacement.  This  figure  includes  the  crack  growth  data  obtained  from 
the  more  conventional  constant  load  amplitude  test  for  comparison. 

DISCUSSION 

The  results  obtained  from  the  increasing  displacement  amplitude  tests  are  different 
from  those  of  the  conventional  constant  load  amplitude  and  decreasing  load  amplitude  tests 
in  that  a  maximum  appears  in  the  curves  of  load  range  and  strees-intensity  range  vs.  the 
number  of  cycles.  Inspite  of  the  fact  that  the  maxima  of  load  vary  over  a  wide  range,  the 
maximum  values  of  stress  intensity  range  show  good  agreement.  This  is  observed  in  all 
experiments  conducted  in  the  laboratory  air  and  in  the  3.5%  NaCl  solution  as  well.  Agreement 
exists  also  in  ex-  ‘ments  run  with  different  rates  of  displacements  Maximum  AK-values 
ranging  from  209  211,1  MPa.nl*  were  obtained  from  experiments  in  the  laboratory  air. 

In  the  3.5%  NaCl  ::ion,  however,  the  maxima  in  AK  showed  a  slight  decrease  from  211,1 

to  197,5  MPa.m^  will,  a  decrease  in  the  displacement  rate  from  4.467  to  1.340  xlO-1*  mm/cycle. 
Maximum  AK-values  measured  under  conditions  of  decreasing  load  and  constant  load  varied 
between  184.3  and  188.6  MPa.m**.  As  shown  by  the  above  data,  a  farreaching  agreement  exists 
in  relation  of  the  maximum  AK-values.  Thus,  an  obvious  advantage  of  the  increasing  displace¬ 
ment  tests  is  that  a  critical  stress  intensity  range  can  easily  be  determined  as  the  maximum 
in  the  curves  for  stress  intensity  range  vs.  number  of  cycles. 

As  observed  for  the  stress  intensity  range,  the  rate  of  crack  growth  also  goes  through 
a  maximum,  which  corresponds  to  the  maximum  stress  intensity  range.  The  growth  of  the  crack 
beyond  the  K-validity  range  caused  a  secondary  increase  of  the  crack  growth  rate  in  some 
experiments.  This  appears  to  be  a  serious  deviation  from  crack  growth  rate  vs.  stress 
intensity  range  curves. 


The  crack  growth  rate  vs.  stress  intensity  range  curves  were  determined  under  increasing 
AK.  Since  the  displacement  rates  were  chosen  too  high, the  period  taken  by  increasing  AK 
was  very  short.  In  fact,  the  displacement  rates  need  to  be  chosen  much  lower  than  used  in 
this  study,  in  order  to  obtain  reliable  data  regarding  crack  growth  behavior  in  corrosion 
fatigue.  As  shown  in  Figs. 5, 7  and  9,  the  crack  growth  rates  measured  under  decreasing  AK 
are  higher  than  those  under  increasing  AK  for  experiments  conducted  in  the  atmosphere. 

This  appears  as  a  shift  of  the  crack  growth  rate  vs.  AK  curves  to  lower  AK.  For  experiments 
conducted  in  3.5%  NaCl  solution,  however,  it  is  not  possible  to  conclude  whether  there  is 
any  kind  of  agreement  between  crack  growth  rates  measured  either  with  increasing  or  decreas¬ 
ing  AK. 


As  shown  in  Fig. 22,  the  crack  growth  rate  vs.  stress  intensity  range  curves  are  sen¬ 
sitive  to  the  displacement  rate.  Indeed,  the  rate  of  crack  growth  in  corrosion  fatigue  is 
controlled  by  the  interaction  between  the  chemical  mechanism  and  mechanical  mechanism 
occurring  at  the  crack  tip.  It  is  obvious  that  the  damage  caused  by  the  mechanical  mechanism 
will  increase  with  increasing  rate  of  displacement.  Thus,  on  decreasing  the  displacement 
rate,  the  conditions  are  approached  under  which  the  critical  interaction  between  chemical 
and  mechanical  factors  can  take  place.  This  is  evident  from  the  shift  of  curves  to  higher 
stress  intensity  ranges  on  decreasing  the  displacement  rate  (Fig. 22).  The  crack  growth  rate 
vs,  stress  intensity  curves  are  expected  to  become  stationary  when  the  rate  of  displacement 
is  kept  lower  than  a  critical  value. 
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CONCLUSION 

The  investigation  shows  the  advantage  of  the  constant  displacement  corrosion  fatigue 
test  wherein,  the  crack  growth  data  can  be  obtained  over  a  wide  range  from  nearly  the 
threshold  stress  intensity  to  the  critical  stress  intensity  range.  At  this  stage,  no 
conclusion  can  be  reached  regarding  the  utility  of  the  increasing  displacement  test  as  an 
accelerated  test. 
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FLIGHT-BY-FLIGHT  CORROSION  FATIGUE  TESTS 
by 

Dr.-lng.  Walter  Schtlts 
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Einatainatrafia  20,  8012  Ottobrunn,  Qarmany 


1 .  Introduction 


At  mantionad  in  J ,  corroalon  fatigua  taata  ahould  ba  conductad  undar  raallatlc 
load  sequences.  Thia  may  ba  aapaclally  Important  tor  taata  with  rivatad  apaoimana  bacauaa 
the  rare  high  loada  of  the  apectrum  may  loosen  the  fasteners,  damaging  the  corrosion 
protection  system  and  therefore  rendering  it  ineffective.  Possibly  this  does  not  happen 
in  constant  amplitude  testa  because  the  loada  may  not  be  high  enough  to  crack  the  pro¬ 
tection  system. 

This  is  the  reasoning  behind  the  test  program  carried  out  at  the  IABG  with  flight- 
by-flight  tests,  this  program  being  part  of  the  supplemental  program  of  the  CFCTP.  In 
accordance  with  this  program,  it  was  decided  to  use  the  FALSTAFF  sequence. 

Testa  were  carried  out  with  two  aluminium  alloys  typical  for  use  in  modern  and  in 
faying  aircraft  respectively,  namely  7475-T  761  and  7075-T6.  The  aheet  materiala  were 
exchanged  between  the  two  laboratories  of  the  NLR  and  the  IABG,  so  that  both  use  materials 
of  the  same  heats.  The  specimens  used  by  the  NLR  and  IABG  differed,  however,  in  the 
corrosion  protection  systems  and  in  the  manufacturing  of  the  specimens  by  different  firms. 

The  present  paper  is  just  a  status  report  as  of  1  August  1981.  Discussion  will  be 
necessarily  limited  to  obvious  points.  Actual  discussion  will  be  contained  in  the  final 
report  to  be  published  in  1982. 


2.  Test  Program 
2.1  Materails 

Two  materials,  the  high-strength  aluminium  alloys  7475-T  761  clad  and  7075-T  6  bare 
were  used  as  sheet  material  of  a  nominal  thickness  S  -  4.2  mm.  Mechanical  and  chemical 
properties  are  given  in  Table  1.  The  7075-T  6  material  was  from  a  different  heat  than 
that  used  for  the  core  program  specimens . 


2,2  Specimen  Configurations 

The  configuration  of  the  IABG  specimens  was  identical  to  that  of  the  core  program 
specimen,  see  Figure  1.  It  is  a  1  1/2  dogbone  specimen  mechanically  fastened  by  a  row  of 
two  countersunk  cadmium-plated  steel  Hi-Lok  fasteners.  The  fastener  fit  is  a  slight  press 
fit  for  a  nominal  diameter  of  6.306  mm,  see  Table  2,  also  nominally  identical  to  that  of 
the  core  program.  The  fasteners  were  also  identical  to  those  of  the  core  program,  being 
supplied  by  VOI-SHAN  Corporation. 

Manufacturing  however,  was  done  not  by  the  US  Navy,  as  for  the  core  program,  but  by 
a  German  aircraft  company  using  the  corrosion  protection  system  of  a  modern  European 
tactical  aircraft.  This  system  is  applied  as  follows) 

decreasing  with  steam 

yellow  chromate  with  "Alodine  1200" 

two-component  epoxy  primer 

-  wet  assembly  with  "Celloseel" 

after  wet  assembly  one-component  top  coat  (acrylic  Taquer) . 

When  applying  "Alodine"  and  the  epoxy  primer  the  fastener  holes  are  not  covered. 

The  "Celloseel"  is  pressed  into  the  fastener  holes  when  wet  assembling  is  done.  Further 
information  is  not  available. 

In  accordance  with  the  manual  for  the  AGARD  -  CFCTP  all  specimens  exposed  to  the 
corrosive  environment  are  sealed  at  the  side  edges  of  the  faying  surface  and  at  the  Hi-Lok 
collars  of  the  assembled  fatigue  specimen  in  order  to  get  corrosion  attack  only  from  the 
countersunk  fastener  holes. 

The  sum  up,  the  configuration  and  the  fasteners  were  identical,  the  fastener  fit  was 
nominally  identical  with  those  of  the  core  program;  the  manufacturing  and  corrosion  pro¬ 
tection  scheme  were  different.  One  of  the  materials  was  nominally  identical,  but  a 
different  heat  was  used,  the  other  was  different  from  the  core  program. 

In  addition  a  number  of  core  program  specimens  were  supplied  by  Dr.  de  Luccia;  up 
to  the  present,  only  a  few  were  tested  for  comparative  purposes. 
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2.3  Environmental  Testing 

Four  different  environmental  parameters  are  being  used: 

fatigue  tests  in  air 

-  pre-exposure  +  fatigue  tests  in  air 

-  fatigue  tests  in  salt  spray 

-  pre-exposure  +  fatigue  tests  in  salt  spray. 

Before  environmental  exposure  and  fatige  testing  all  specimens  are  prestressed  in 
a  cold  box  (Figure  2)  at  209  ±  10  K  by  two  cycles  to  a  maximum  stress  of  238  N/mnr  (on 
gross  area)  in  order  to  crack  the  paint  and  primer  layers  in  the  fastener  hole  vicinity. 
After  prestressing  the  side  edges  surface  and  Hi-Lok  collars  aYe  sealed  with  silicone 
rubber. 

The  pre-exposure  is  done  in  the  uhamber  shown  in  Figure  3.  The  construction  of  the 
chamber  and  the  pre-exposure  procedure  was  as  described  in  the  CFCTP  manual. 

Figure  4  shows  the  test  set-up  in  the  servo-hcydraulic  machine,  the  salt  spray 
equipment  and  a  terminal  where  the  test  parsjneters  are  input  into  the  computer. 

The  fatigue  tests  were  conducted  at  a  frequency  of  15  Hz  in  air  and  2  Hz  in  the 
salt  spray  environment,  again  in  accordance  with  the  CFCTP  manual. 


2.3  Manoeuver  Spectrum  Falstaff 

FALSTAFF  (Fighter  Aircraft  Loading  Standard  for  Fatigue  Evaluation)  was  established 
by  the  Flugzeugwerke  Emmen,  Switzerland,  the  NLR,  the  LBF,  and  the  1ABG  and  is  well- 

known  in  AGARD  circles.  It  was  and  is  being  used,  for  example,  in  the  critically  loaded 
holes  and  the  fatigue-rated  fastener  programs  of  the  AGARD  SMP.  It  i:=  considered  to  be 
suitable  for  fatigue  investigations  of  fighter  aircraft  components.  A  part  of  the 
FALSTAFF  sequence  is  shown  in  the  upper  part,  the  load  spectrum  for  one  return  period 
in  the  lower  part  of  Figure  5. 


3 .  Results 


To  arrive  at  fatigue  lives  relevant  .uetic  aircraft,  »  iie  test  loads  were  set 
up  to  obtain  failure  of  the  specimens  a*  «n  live,  o£  about  4  000  and  10  000  flights. 

For  a  first  estimation  of  these  ads  the  NLk  published  some  results  of  pilot  tests 
with  core  program  specimens  (7075-T6'  under  the  "FALSTAFF"  sequence.  Pilot  tests  of  the 
IABG  using  identical  test  conditions  and  id.  r, ileal  core  program  specimens  showed  good 
jreement  with  the  NLR  data  (Fi<:  e  ,)  so  that  the  tort  equipment  of  >  eh  labc  atories 
apparently  does  not  influence  t  results. 

The  results  obtained  up  to  .  Aut-  at  1  c> 8 1  aie  snmmari m  Figure  7.  They  will  not 
be  discussed  in  any  detail  here,  beca  s<_  program  t  stul  underway.  Hiwever,  some 

interesting  results  are: 

-  The  fatigue  life  of  ape  .imenn  ..  both  material  a  is  quite  similar  at  the  high  stress 
level  of  Smax  =  289  i/mm^  ir.  a.r,  after  pre- exposure ,  in  salt  spray  and  after 
pre-exposure  in  salt  soray. 

-  The  mean  fatigue  life  of  74  0S-T  "«i  specimens  at  Smax  =  289  N/mm  decreases  from 

11  000  flight:  in  air  ' o  8  000  f  ights  alter  pre-exposure  in  .,ir  to  6  400  flights  in 
salt  spray  to  4  (00  fi.  ahts  after  pre-exposure  in  salt  spray.  That  is,  the  most  damagir.” 
corrosive  environment  ueereuses  the  fatigue  lire  by  a  fa-  tor  of  about  2,5. 

-  For  7075  T6  h : u  factor  is  about  1 . 3 . 

However,  at  the  lower  stress  level  Smax 
spray  did  not  do  any  additional  damage,  t 
equivalent  to  that-  after  pre -expo sure  ir 
7075-To  specimen  at  the  moment.) 

In  ac'  ition  to  the  b  primary  "ailui  origii  found  in  the  core  program,  the  ” FALSTAFF 
test*  -:1th  the  German  specimens  resulted  in  at  least  one  more  origin:  Two  specimens 
faile.t  at  the  faying  surface  outside  of  the  fa: tener  holes,  that  is  through  the  gross 
section,  see  Figure  8. 

The  tests  will  be  finished  by  the  spr-ng  of  1982. 


24  N/rin^  pre-exposure  plus  fatigue  in  salt 
fat'gue  life  in  air  being  practically 
spray.  (This  can  be  said  only  for  the 
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